: OIIC FILE COPY | @

" AFAL-TR-88-008 AD:

L

l\ﬁil\uhf\:mhhlllh\ \’

for the sad Combustion Mechanisms of
M oo 1 Wide Distribution Propellants

AD-A139 761

June 1988 Author: Purdue University
R. A. Fredrick, Jr. Research Foundation
Hove Hall of Administration
Waest Lafayette, IN 47907

F04611-84-K-0019

Approved for Public Release

Distridution is uniimited. The AFAL Technical Services Office has reviewed this report, and it is
reieasable to the National Technical Information Service, where it will be available to the general

public, inciuding foreign nationals. DT‘ c .

EILECTE
0CT 0 3 1988
prepared for the: Air Force mE
Astronautics -
Laboratory

Air Force Space Technology Center

Space Division, Air Force Systems Command
Edwards Air Force Base,

California 93523-5000




ECUR LASSIFICATION OF THIS PAGE
Form Aprroved
REPORT DOCUMENTATION PAGE OMB g 0704-0188
a REPORT SECURITY CLASSIFICATION 1o RESTRICTIVE MARKINGS ]
UNCLASSIFIED
2a SECURITY CLASSIFICATION AUT~ORITY 3 DISTRIBL® ON/AVAILABILITY OF RfPORT
Approved for public release, distribution i-
2b DECLASSIFICATION DOWNGRADING SCHEDULE unlimited.
4 PERFORMING ORGANIZATION REPORT NUMBER(S) 5 MONITORNG ORGANIZATIO, S rORT NUNMBIRS, -
] AFAL-TR-2£-008
62 NAME OF PERFCRMING ORGANIZATION 6b OFFICE SYMBOL [ 7a NAMF OF MONITORING ORGAIZAT ON
(if applicable)
Purdue ‘Iniversity Air Force Astronautics Laboratory
6c ADDRESS {City. State. and 2IP Code) 76 ADCRESS(City. State ard 21P Code)
Rescarch foundation Lece
Hove Hall of Administration Ldwards Air Force Pase, CA 33523-41750
kest Lafayette, IN 47907
8a NAME OF FUND'NG ' SPONSORING 8b OFFICE SYMBOL 9 PRCCUREMENT INSTRUMENT IDENT FICATION NUA2ER
ORGANIZAT:ON (if applicable)
F04611-84-r¥-0C19
8c ADDRESS (City. State, and 2IP Code) 16_SOURCE OF FUNDING NUMBFRS
PROGRAM PRO.ECT TASK T
ELEMENT NO NO NO SCOERS N N
62302F 2308 M1 ny
11 TITLE (Include Security Classification)
Combustion Mechanisms of Wide Distribution Propellants {(4)
12 PERSONAL AUTHCR(S) /-’ B
Fredrick, Robert A, Jr.
132 TYPE OF REPORT 13b TIME COVERED 14 DATE OF REPORT (Year, Month, Day) 'S PAGE COLN!
Final FROM _84/5 1O 88/6 282
16 SUPPLEMENTARY NOTATION \
17 COSAT: CODES 18 SUB_J TERMS (Continue on reverse if necessary and 1dentify by block number)
FIELD \ CROUP SUR-GROLP Particle Size Distribution, Burning hate, Solid Mapcllants.
T X 09 2 Rocket Motors, Combustion Mechanisms, AP/HTPB Proje? Tante, . :
AN ~—1 Laser Diagnostics, Acoustic Lmissions, Scanning [leatrang [aMIL
‘9 AB5TRAC! (Conkinde on reverse if necessary and identify by block number}
N b . _!’- 'y . h _ .
The objective of this resgarch.is to describe the effects of oxidizer particle size
distribution on the burning rate of solid propellants used in rocket motors. Current
. models over predict the bumning rate of wide distribution (wide distribution denotes two
oxidizer modes that have extreme differences in mean diameter) formulauons by 40 to
200 percent indicating combustion mechanisms unique to this typs of propellant. Four
scts of AP/HTPB propellants were formulated to control the physical and chemical — - 7
oL U ®
20 DISTRIBUTION 7 AVAILABILITY OF ABSTRACT ¢h A I RACT Steur' Y T asSiFICATION - T
[T unCrsoreDGNLMITED [ SAME AS RAT [J otic usees UNCLASSITILD
223 NAME OF RESPONSIBLE INDIVID: 1A o 22b TELEPHONE (include Arna Code) | 22¢ OFF(E 57 VR
Philip A, Kessel {805) 275-5591 LSCr
OD Form 1473, JUN 86 Previous editions are obsolete Iy RITY CLASSIEICATION OF " PALE °
i 1




s e samm—

Block 19 (continued); M,“;;:-‘d

~
heterogenities characteristic of the propellant surface using 400 and 204y oxidizer

particles. The propellants were tested at pressure levels from 0 10 2000psig.

An optical, distance measurement technique was developed and used 1o measure
the local, non-steady surface deflagration of the propellant burning surface. The
method uses a laser beam, synchronous detection, and closed-loop tracking to locate the
surface in the hostile combustion environment. An acoustic emission technique
determined average burning rates. Combustion phenomena were also accessed using

high-speed photography and scanning electron microscopy.

The results indicate that the buring rate of wide distribution propellants i-

suppressed by the formation of a layer of liquid bindgpon the burning surface. High-

-

speed motion pictures showed molten bindgr/ﬂowi;xg off the burning surface during the
propeliant combustion. The flow inereased as the oxidizer-to-fuel ratio of the pocket
propellant is decreased. Examination propellant surfaces, extinguished by
deprcssxx/ri;adof./ s:owcd that the oxidizer surface was partially covered with a thin
- bindcr' iayer during the burning. This establishes a condensation reaction over the
covered portion of the oxidizer which reduces its buming rate. This phenomenon

accounts for the difference in model predictions and experimental resuls

Because of the fuel-rich nature of the fine particle combustion, the propellants ulzo
exhibited exreme sensitvity to changes in binder composition. This indicated a shift

from the dominace of the oxidizer deflagration to the dominance of the binder

pyrolysis. | Aeseauion For |
18 Rl
DTIC MB
Unamnovaced D
Bluck 18 (continued): J“"”“"-“‘L«———-—-,
Microscopy. Dy.
Distributions

JO—

Availability Codes
Avall and/or
Dist Special

aetl |

113




T

TABLE OF CONTENTS
Page
SUMMARY ..ottt st rrnses sttt s sst st e ae st v araese b aes s saeabesaesnenessenssaees 1
PART1 RESEARCH PROGRAM
1.0 SOLID PROPELLANTS. ..ottt sircb s e st b sn b e saeneen 1
L1 INMrOQUCHION......cceriiecettr st st st e b b enbe e sn s s as 1
1.2 PROPELIANES oottt snen s et e 2
1.3 Observed Buming Characteristics ...........cocuvmiicvinineiisninnenintinecsiseecsnencnne 4
1.4 Combustion MOdEIS.........ccoeueerivereccreectinieineninient i ssesissesessenesessessones 6
1.5 SUMMMATY .ot etreeirent et et et eneset e st ae e sene e aaeasa s resreesbneenteseassncn 13
2.0 OVERVIEW OF RESEARCH .......cccoeiniiiiintinntincnesrinnesecnncse e seeneenans 15
2.1 Wide Distribution Propellants .............cccovvrveniiniiiinnnnnncnncninnennnenen. 15
2.2 Distinciive MeChaniSms.........coeeveiertenuinreneiereaie s naesennssesesesesenessesessssessesesaes 16
2.3 Statement Of the Problem..........ccoccovveeiiininninninincne et 17
2.4 Scope Of ReSearch..........ccoeviieiniiniiiininii e 21
PART II INSTRUMENT DEVELOPMENT
3.0 SURVEY OF BURNING RATE MEASUREMENT TECHNIQUES ............... 23
3.1 Strand BOMDS.........covceuiiriniirianiecesiceniescaciesnencaiesessessassesassesneseasessssssssssesensens 25
3.2 Discrete TEChNIQUES.......cocciirrieerieiiirenieerteres e srese s eee s e aesreseesanssssasens 27
3.3 Continuous TeChNIQUES........ccouverceeiiiiinitinrine et ee e s svanes 29
3.4 Summary of Experimental Techniques ........cccccovivnivennecnncninnnccnnenene 33
3.5 CONCIUSIONS......cocinteerreniirierriesterieeseerie et etere st sres e sesae e e sbenssaesrensesesassaesenan 36
4.0 TECHNIQUE DESIGN, ANALYSIS, AND TESTING .......cccoeveinnniiinencnneens 37
4.1 System REQUITEIMENTS ....coceireeereristensstenresiansiseesesssasenssessessensssseesessessssssesaanes 37
4.2 System DESCIIPHON .......occovruinreeieistiin ettt sae e sesse s sesasosssessesssassnecrennes 42
4.3 SYSIEM ANALYSIS....cccoieireiririenrienieienties st e sse e e srasts e stss e seentesestaras s avas 56
4.4 System TeSING....ccciimieireeirceriereieetestinrcnes ot etessaestee st antseseseessrsenesanen 70
4.5 Summary: Design, Analysis, and TeStng...........cccooveiiiiiccnniniiincnnne 81
5.0 INSTRUMENT TESTING: COMBUSTION ENVIRONMENT ......ccccooeinnne 83
5.1 Experimicital FaCility ..o e 84




Page

5.2 Gain Reduction EXPeriments .........ccccccoviiiiiiieniiiiinecc et 88
5.3 Resolution EXPEriments ...t 96
5.4 Propellant Surface Height Measurements ..., 100
5.5 Discussion of Results: Combustion Measurements.............ccccceveerecvcneenne. 107
5.6 ReCOMMENAALONS..........cconuevieenrrrerireninierenier ettt se s e stensessenesbenenne 109
PART III COMBUSTION STUDIES
6.0 MATERIALS AND METHODS.........coconiiiinieeee et 111
6.1 Propellant Formulations............cocoeviiinniiniinn s 111
6.2 Propellant Preparation...........cocceeeevinrinieeeenincernnieierener e s cenese e 117
6.3 Average Ballistics Properties...........c..ccoeeuiveeveeuininicnienincniieeeeescsnenecnens 120
6.4 Local Burning Rate.......c..ovvvimnnininininiieece i 120
6.5 Propellant Surface Structure Examination.............coceccevnvccinnicnennccnennnn. 123
7.0 RESULTS AND DISCUSSION ..ot enee e 125
7.1 Burning Rate SUIVEY........cccvivivemmcimieiiiintcecie e b ene e 125
7.2 Ballistics Results - OVEIrvIieW........cccceevininencninccinccieecinenin e 143
7.3 Pocket Propellant Ballistics - DiSCUSSION ...........ccccceviieiinininineniireieneennne 147
7.4 Constant Volume Fraction Ballistics - Discussion ............occcevenccinnenc. 154
7.5 Constant Total Solids Ballistics - DiSCussion..........ccccoccooiviiiveninnieiennne 159
7.6 Propellant Surface Characteristics...........ccc....... st er et 161
7.7 Propellant Surface Characteristics - Results...............cccocoiiiininnennenn. 164
7.8 Effect of Binder Covering the Oxidizer - Discussion..............cccoovvieneenne. 174
7.9 Combustion Mechanisms - Summary.........c..c.cccvvivicinnnennnene e 182
8.0 SUMMARY AND CONCLUSIONS ......coiviiininciincieccirieneseeicniesnenes 185
8.1 Instrument Development...........ccoeiviiiiniiiiic e 185
8.2 CombUSHION STUIES .....o.covevirriiiiirenrcteiceieiee st e 186
9.0 LIST OF REFERENCES .........ccooiiiitiiitieencee ettt et 191
APPENDICES
Appendix A: Transfer Function Estimations ... 197
Appendix B: Laser Position Detector Configurations ................ccooooeiiniinine 207
Appendix C: Combustion Vessel Drawings ...........ccooiviniinincee 211
Appendix D: Pressure System Description..............c.cooooiiiiinns 214
Appendix E: Propellant Formulation Equations and Tables ... ... 216
Appendix F: Propellant Ingredient Properties ..., 226
Appendix G: Acoustic Emission Data: Menomodal and
Bimodal Propellants..........c.cc.cococciiiiiiiiiiiiniiie e 230
Appendix H: Acoustic Emission Data: Trimodal Propellants............covee . 247
GLOSSARY oottt 260
v




LIST OF TABLES
Table Page
1. Comparison of Discrete Measurement Techniques ..., 34
2. Comparison of Continuous Techniques... ..o i, 35
3. Minimum Performance Requirements-Intermittent Burning ..., 43
4. Anticipated Transfer FUnctions ...............cococ s i 61
5. Experimentally Estimated Transfer Functions ............c.coocriiiicivinninnnnn e, 64
6. Transient Performance PrediCtions............cccoooiiniiiee 72
7. Results for System-1 (Galvonometer Scanner) ..., 82
8. Summary of Development: System-II (Acousto-Optic Scanner)..............co.eeee 82
9. System Gain Measurements-Atmospheric Pressure..........cccoovvvnniinnnnennnen. 94
10. Combustion Measurements..........ccoveeieviiiiiineiiinciiici e 108
11. Series I and II - Binder Compositions ..., 115
12. Monomodal Pocket Propellants ...t e, 115
13. Coarse Volume Fraction V JV,=.305
Bimodal Analogue Propellants.............oovni e 116
14. 84% Total Solids - Bimodal Analogue Propellants...........ccooooiinn 118
15. 87% Total Solids - Bimodal Analogue Propellants............cccoccoeiininccnnn, 118
16. 87% Total Solids - Trimodal Application Propellants ................................ 119
17. Results of Particle Size Distribution Analysis........cocoeiieienininiin e 119
18. Average Burning Rate - Pocket Propellants ... 129
19. Average Burning Rate - Constant Volume Fraction Propellants,
400 p AP - Coarse FraCtion ...........c.cccevvcrceceirioiniinnie e snve s 129
v




!!!!-..-l-lIllI-IIlIIIlIlIllIIIIIIIIIII-------———r

Table Page

20. Average Burning Rate - Constant Volume Fraction Propelianis,

400 p NaCl - Coarse Fraction......................... S U (¢
21. Average Burning Rate - Constant Volume Fracton Propelionts,

600 p AP - Coarse Fraction ............ocoeocee oo . o L. 130
22. Average Burniong Rate - 84% Total Solids Propellant........ .. ... ... . 13}
23. Average Burning Rate - 87% Total Solids Propellant..... D RS
24. Average Burning Rate - 87% Total Solids,

Trimodal Application Propellants.......................... . .. 132
25. Motion Picture Results-Pocket Propellant. 1000psi. 1PDI R 140
26. Motion Picture Resulis-Constant Volume Fraction, 400 1 AR

1000 PSi, IPDI ..o e TR I [0
27. Motion Picture Results-Constant Voluime Fraction, 00 @ S A0

1000 psi, TPDI oo o o P
28. Motion Picture Results-Constant Volume Fraction, 600 1 AP

1000 psi, IPDI ..o S URUPTURRR I 5
29. Motion Picture Results-84% Solids Propellants, 1000 pa 10D 00 147

30. Motion Picture Results-87% Solids Propellants, 1000 pa 10D 0 142

31. Summary of Ballistic Measurements ... 18X




LIST OF FIGURES

Figure Page
1. Typical Burning Rate-Pressure Curve...........coccoieiiieniionceinieeciceen e 3
2. Composite Propellant ..o 3
3. Log-Normal Distribution FUnCtion...........c..ccceeiiiiiniiereeen
4. Multi-Modal Distribution Function............ccocooivniiniiininienie e e 5
5. Statistically Averaged SHate......cocoeiieieriieiieie ittt et raane 8
6. Detailed Surface GEOMEITY ........ccevueieeiinierieitieietecte et e ae e anerann 8
7. Multiple Flame SITUCIUTE.......c.coiiiiiiiiiciniii e 9
8. Simplified Flame Structure ..o 9
9. Surface Energy Balance........cccoc vt 11
10. Effect of Flame Mechanisms on Pressure-Rate Curve..........cccoccovveiinnnnnnnn, 14
11. Effect of Monomodal AP Size on Pressure-Rate Curves.............coceencceiennn, 14
12. Comparison of Measured and Predicted Propellant Burning Rates of

Wide Distribution Propellants.............ccooiieieereieminseie e v 18
13. Wide Distribution Propellant............c..cooceiiviiiminiiii e e, 19
14. Pocket Propellant CONCEPL..........covviririiniiiiniiiiininree et 19
15. Local, Intermittent CombUSHON...........ccovviriiniciiineniineecceie e ccsenenne s 20
16. Frequency Spectra of Burning Rate...........cooveviniiiiniiinnniinnc e 24
17. NWC Strand Bomb........oooiiiiiiiiiii e s 26
18. Principle of Discrete Measurement ..........occooceoivieieninniin e, 26
19. Principle of Continuous Measurement .........ccoccoveciiecviireieiieinene e sneneen. 30

Vi

|®




Figuie ' Page

20.
2L
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.

40

41.
42.
43.

Principle of Microwave Reflection................c.oo 33
Experimental Bumning RAte ............ocoovoiiiiiiiiii e 38
Idealized Intermittent Burning ...........ccccoooi i 40
Transmission Reduction with Time............ccoooiiiii 41
Transmission Reduction with Pressure..........co..oi i 41
Geometric Height Sensing..........ccoovvieriiiiiiniicii e 43
SUrface TraCKiNg. . ..o ouiueierereiieeet ettt 45
OUhNg Of SYSIEM c..ciimiiiii et ser et 45
CoOrdinate SYSIEML.....c.ovtiiuiieriieteniieit et 47
Detector SChemMALIC .. ..cce ettt et eee e e D
Detector Calibration Curve (No Combustion) ...........c.ccoceeeeviiicniiiiieneen 51
Detector Voltage Produced by Combustion Light ............... ... ........52
FFT’s of Detector Signal............cooveoieneinoniie e e .39
Sensor Calibration CUIVE..........cveviveeerierene et areae e neeec e s eeesanasese e ]
SYStEM SCREMALIC......eeeeeieeeeereeet ettt nes 59
System Block DIagram.........cooooieiiiiiioiii e e 60
Block Diagram - Controller...........ccooviiiiiniii e 66
Open-Loop Predictions of Frequency Response:System-L. . 0 L 68
Closed-Loop Prediction of Step Response:System P ... . .69

Closed-Loop Prediction of Step Response:System:- 1 71
Feedback Perturbation for Testing .............. .. ST B 73
Amangement of Optical Components....... ... ... . .. LT3
Test-System Model.......ooooeieriiiiiii i 74

Closed-Loop Frequency Response-System-T ... ... ... ... ... 76

Vit




Figure Page

41 Closed-Loop Frequency Response System-1 7K
45. Response of Various Voltages toa Step Input ... 79
46. Measured Closed-1l.oop Response-System-1 ... 80
47. Measured Closed-Loop Response-System-IT.. ..o, 80
48. Low-Pressure Vessel and OPUCS ..........cccoveecivemveceeieeieesi e sieesie e sresseae e 85
49. High-Pressure Test Rif. .o 85
50. High-Pressure Bomb.......coooooiiii 87
S1. High-Pressure Bomb and Optics ... SR 89
52. Gain-Phase Relationship. ....cc.ccoviriiiiiieinccnciec et e 91
53. Constant-Height Sample Holder................oo 91
54, LisSaJous FIGUIE ...ttt e 93
55. Gain Reduction 4s a Function of Pressure..........cooovvviinoiniincceeen 95
56. Output Perturbations Caused by Combustion .........c.cccoiininciincnn, 97
57. Effect of Gases on Measured Surface Height............ocoooooiiinn, 99
58. Propellant Surface Height Measurements-Atmospheric Pressure.................... 101
59. Propellant Surface Height Measurements- Atmospheric Pressure.................... 103
60. Propellant Surface Height Measurements-250 78ig ..o, 105
61. Comparison of Optical and Photographic Surface Height Measurement ........ 106
62. Composition Diagram for Wide Distribution Propellant ............................. 112
63. Strand Cutting Diagram for Pint Castings.........ococcoviiininniiai e 121
64. Strand Cutting Diagram for Gallon Castings ... 122
65. Propellant Extinguishment Experiment...........coooooi 124
66. Burning Rate Survey - Pint Casting .........cooiiineiiii e 126
67. Burning Rate Survey - Gallon Casting ... 127




Figure Page

68. Pocket Propelttant Ballisties .. : 1
69. Constant Volume Fraction, 400p AP Ballisues ... . . .. ... L h3d
70. Constant Volume Fraction, 400u NaCl Ballisties . ..o 135
71. Constant Volume Fraction, 600p AP Ballistics ... 136
72. 84% Total Solids BalliStiCs...........ccooevinics oo e 137
73. 87% Total Solids Ballistics.......ooviiiiiiiii e 13K
74. Trimodal Application Propellant Ballistics ..................... e 139
75. Comparison Between PEM Predictions and Experimental

Burning Rates ... VO USUP R PNPRUPRTNE I & |
76. Comparison of Trimodal Propellant Burning Rates...... ... ... .. 16
77. Comparison of Monomodal Propellant Burning Rates ... . 0 1A
78. Proposed Influence of Binder Cover .. ... ... ... . o 1an
79. Effect of Binder Ingredients on Ballistics .................. U o 152
80. Effect of Adding 400 AP or NaCl 1o P mml] int AL

OF,=40, IPDI ¢ CUTAIVE Lo e 185
81. Effect of Adding 400u AP or NaCl to Propellant B-I,

OF,= 3.0, IPDI Curative ............... oo e B
82, Effect of Adding 4001 AP or NaCl o Propenant €71,

OF,=2.0,IPDI Curative ... v v o (50
83. Constant Total Solids Propellants, OF = 3.0, 11D Lot
4. Constant Total Solids Propellants, OF, - 3 0.4PDL 16l
5. Constant Total Solids Propellants, OF - 20 4P e
86. Binder Covering Correlation ... ... o 16l
87. Compartson of Serics-Tand Series [ Burnime Koo 1ot
88. Ballistic Results, G-1 and G 11 Lo
89. Extinguished Surtace, G-1, 1000psig .. : [0S

'@




U4,
91.
92.
93.
91

9s.

96.
97.
98.

99.

100.
101.
102.
103.
104.
103.

106,

Figure

Extinguished Surface, G-I, T000PSIE ..o
Coarse AP Particle, G-1, 1000PSIZ....ooveieiiiiieiiiiiiies e
Coarse AP Particle, G-11, 1000pSig .......coovvemeveeomenciiiecinecic e,
Extinguished Surface, G-i, 250pSig......ccoovierneniniierirrecce e,
Extinguished Surface, G-I, 250psig ..... ... oot i
Coarse AP Particle, G-I, 250PSig. oo e,
Enlargement of Central AP Region of Figure 95 ..o,
Enlargement of Binder-Covered Region of Figure 95 ...,
Coarse AP Particle, G-I, 250PSiZ ..ovoovvreeieiieeeeeereee e
Enlargement of Figure 98 ...
Coarse AP Particle Burnthrough, G-II, 500psig.......ccccoooviiciicinnnn.
Coarse AP Particie Burnthrough, G-1I, 500psog.......ccocoenirvinevcnneennnn.
Water-Soaked Surface, G-1, 250PSig....ccoverieininiieneeiienc e
Enlargement of Figure 102 e
Water-Soaked Surface, G-1, SO0pSIg....coooov i,
Two Regions of the Exposed AP Surface ...,
Predicted Effect of Molten Binder Covering.......... oo

......... 172

......... 176




LIST OF SYMBOLS

Svmbaol Definition

A reference point for lineanzing equations

AP ammontum perchlorate

Aoy oxidizer kinetics prefactor

A, binder kinetics pretactor

A, strand buming surface arca

b charactertane diffusion flame dirmenaon

¢ constant in St. Robert's burning rate ¢y pres 1
<y propellant and gas specitic heat

Ctvy transfer function of controller

C compensation to meet steady state pepee e
CLTE transfer function of the actal clowd b e
CLTE transter function of the e

D detector transter funchion

Dy denominator of controler oo

D, oxidizer particle diamet-r

5‘, mean oxidizer particle drenetes

d distance Saintop ot oxudizen o

N4




activation energy

space dependent distribution function
time dependent distribution function
log-normal distribution function
geometric transfer function

geometric transfer function

gain representing the propellant, detector, and laser
gain of the lock-in amplifier

gain of the scanner

open-loop gain

lock-in amplifier transfer function

mass flux of the oxidizer

mass fiux of the binder

mass flux of propellant

buming ratc exponent

numerator of the controller transfer function
oxidizer-to-fuel ratio

oxidizer-to-fuel ratio of pocket propellant
open-loop transfer function

pressure

heat release

heat of fuel pyrolysis

heat of binder pyrolysis

propellant burning rate

average propellant burning rate

Xl




instantaneous propellant burning rate
integrated/average propellant buming rate

gas constant

LaPlace transform variable

total surface area

oxidizer burring surtace arca

scanner transfer function

time

temperature

initial propellant temperature

propellant burning surface remperature
controller output voltage

detector output voltage

lock-in output voltage. error voltage
acousto-optic amplifier input voltage

<X,

local, lateral error of beam <pot trom opric 2o
local, lateral distance from reference hine o eptic oo
local beam crossing distarce

local propetlant sartace heighe

global propellant surtace hercht




GREEK
SYMBOL

(74

DEFINITION

weight fraction of ingredient in propellant
fraction of AP surface covered with molten binder
position error

velacity error

normalized weight percentage of oxidizer

local beam angle

density

density of entire propellant

modal standard deviation for distribution function
integration time

time constant of acousto-optic deflector

time constant of the scanner damping

time constant of the controller

time constant of the lock-in output filter

time constant of the lock-in internal amplifiers
beam angle

reference beam angle

undamper natural frequency

damping ratio

XV




SUMMARY

Recent requirements for minimum smoke propellants has resulted in the
development of non-aluminized, wide distribution propellants. Wide distribution
denotes a multimodal oxidizer blend containing both very large (200 to 400u) and verv
small (1 to 25u) AP particles. The size difference allows higher levels of oxidizer-to
fuel ratio for the propellant to be achieved. The general need i< to describe the buming
rate of these propellants in terms of oxidizer particle size distribution and binder
composition. The objective of this research is to describe the combustion mechanisme
unique to these propellants and provide a systematic data base of propellant buming

rates for future modeling studies. This report is divided into three parts.

Pant [ presents the background of the research program. Combustion models,
based on the multiple flame concept, have been unuble to predict the burming rate o
wide distribution propellants. Previous work has suggested that the combustion s
controlled by the fine-AP particles and binder react preferentialv <o that combustion
controlling mechanisms are not primarily related to the Coarse particles. Thiv fire
AP/binder matrix, called a pocket propetiant. is thought to burn ar tuel-rich conditions
Local surface extinction and long ignition delavs of “he coarse onrdizer particles -ottern

referred to as intermittent burning- have alvo been observe ton e propellants




Part 1T presents an optical technique that was developed to continuously measure
the local deflagration of the propellant surface. The optical technique, called a Lascr
Position Detector, was designed, developed and tested in an effort to produce an new
tool for solid propellant research. The Laser Position Detector uses a laser beam,
synchronous detection, and a closed-loop tracking system to geometrically locate the
position of the propellant surface. The control system was developed to have a
frequency response that is adequate to measure the local, intermittent burning of 400
micron oxidizer particles. Results show that the device can continuously detect the
position of the burning surface at pressures from O to 250 psig. Smoke and
perturbations of the combustion gases lower the performance at the higher pressure

levels.

Part III describes an experimental research program concemed with the ballistic
properties of wide distribution propellants. In this program, one set of monomodal,
three sets of bimodal, and one set of trimodal propellants were formulated. Each set
contains an HTPB binder and duplicate formulations were made with either a IPDI or a
DDI curative. The monomodal propellants simulate the composition of the pocket
propellants, using 20puAP at oxidizer-to-fuel ratios of 2.0 to 4.0. The bimodal
propellants were formulated with controlled pocket propellant chemistry and controlled
volume packing of the coarse particles or constant constant total solids level. Bimodal
and trimodal 87% solids propellants were formulated to extend the data base for the two
type binders into propellants more typical of actual applications. Propellant strands
were burned at pressure levels from 0 to 2000 psig. Buming rates were measured
using an acoustic emission technique. High-speed photography of combustion scanning
electron microscopy of extinguished surfaces were used to access the surface

combustion mechanisms.

XVii




The propellant studies indicate a strong influence of the pocket propetlant
i composition on the total propellant combustion. The fuel-rich nature of the pocket
propellant causes the formation of a liquid layer of molten binder to form and flow on

the burning surface. This is a major combustion mechanism that accounts for the

difference in the predicted and measured burning rates of wide distribution propellants

The propellants all have greatly reduced buming rates because the binder
preferentially reacts with the fine particles. This local fuel rich combustion greatly
lowers the fine particle burning rate. The fuel-rich nature of the local combustion did
increase the sensitivity of the buming rate to change in binder chemistry. The DDI
curative, in all cases, reduced the burning rate of the propellants when compared to
identical IPDI cured formulations. The addition of plasticizer is believed to enhance
the suppressing effects of both curatives. Measurements with high-speed photography
and the Laser Position Detector did not reveal significant ignition delays of the coarse
oxidizer particles for these formulations at the conditions tested, however, it is
postulated that the intermittent combustion when observed would be related to the

excess binder on the propellant surface (solid or liquid).
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1.0 SOLID PROPELLANTS

When designing a solid propellant rocket motor, there are four classic areas that

place constraints on the selection of the propellant. They are:

1. Performance -  What is the specific impulse?
2. Ballistics - How fast does it burn?

3. Structures - Will it maintain its shape?

4. Viscometrics -  Can it be cast?

The research presented in this report is concerned with predicting the ballistic
properties of solid propellants as a function of oxidizer particle size distribution. This
chapter provides a general background to introduce the basic concepts involved in

describing oxidizer particle size effects on propellant ballistic properties.

1.1. Introduction

Much research has been performed to describe the ballistic properties of solid
propellants. Both experimental and theoretical studies have been used to describe the
effects of formulation changes on the propellant burning rate. Experiments have varied
from burning small samples in pressurized vessels to propellants grains in an actual
motor. Combustion models have been developed that predict the burning rate of a
limited scope of propellant formulations using one-dimensional, steady, linear

approximations {1].




Describing the effect of pressure on the propellant burning rate is a primary
concern. The effect of pressure on propellant burning rate is shown in Figure 1. The
buming rate is classically described with an empirical St. Robert’s law expression

r=cP" (hH
where the power "n" is referred to as the burning rate expounent or simply as the

exponent. The results are shown plotted on log scales making the exponent

proportional to the slope of the curve.

Achieving a particular burning rate and exponent at a given pressure and
composition is a major goal of propellant formulation tailoring. Several parameters can
be used to change the propellant burning rate. For a fixed chemical composition,
changing the size or size distribution of the oxidizer particles can be used to influence
the burning rate and the exponent. Also, certain catalysts can be added to the

formulation to augment the combustion.

1.2. Propellants

Composite propellants are a heterogeneous grain with oxidizer crystals held
together in a matrix of synthetic rubber (or plastic) binder such as polybutadiene as

sketched in Figure 2.

1.2.1. Binder The binder fills the interstitial space between the oxidizer particles.
provides its mechanical properties, and acts as a fuel in the combuction. The binder can
be used to control the burning rate mainly through the addition of catialyvets o

ingredients such as various curing agents.

1.2.2. Oxidizer The oxidizer provides oxidizing species 1o produce the hot gases
Ammonium perchlorate (AP), NH,ClIO,. is the most wrdelv vised ervstathine oxidizer 1

solid propellants. Ammonium perchlorate is available as <nall white cryvatals that are

t
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ground into the desired sizes before the propellant is mixed.

Since the particle size of the oxidizer influences the propellant burning rate, the
AP particle size distribution must be formally described. The relationship of panticle
size and mass distribution for a single mode is accurately described [2,3] with an

average diameter and a mode width by a log-normal distribution

1 —1! InDy~In I_)(, o
———exp| —| ———— )
rng Pl 2|7 Ino

and results for two example mode widths are illustrated in Figure 3. For a multimodal

Fox(ﬁ,o) =

propellant, the mass distribution is described with additional log-normal distribution
functions

FoxlD1.6)) (D2.03) ... (Dp,0)l = 11Fout + VoFoxa + # YoFoxn (3)
and an example plot for a trimodal distribution is shown in Figure 4. Multiimodal
oxidizer blends are used to increase the mass fraction of oxidizer in the propellant and

control the the burning rate exponent.

1.2.3. Other Ingredients Other ingredients are often included in solid propellants and
are generally classified according to their function e.g. fuel, oxidizer, curing agent, burn
rate catalyst. The other prominent fuel of note is aluminum powder. One or two high
explosives such as HMX (cyclotetramethylene) or RDX (cyclotrimethylene) are

sometimes included to achieve specific performance characteristics.

L3. Observed Burning Characteristics

The burning surface of a composite propellant is a random, chemically discrete
structure. At any instant, individual oxidizer particles are emerging through the surface
at various stages of exposure. On the scale of the oxidizer particles, the surface

deflagration is a three-dimensional. unsteady process wuh a complex sequence of
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interactions. Yet the overall surface, over distances larger than an individual oxidizer
particle, burns at a measurable ‘‘steady-state’’ rate. The observed and implied
processes that occur dur ing combustion can be described by following a single oxidizer
particle from below the burning surface to its consumption above the surface by the

various flames.

An oxidizer particle lying a few millimeters below the burning surface is
unaffected by the high temperature combustion gases since the propellant itself is a
good insulator [4]. As the particle nears the burning surface, however, a thermal wave
affects an energy transfer into the particle raising its temperature. A crystalline phase
change from orthorhombic to cubic occurs when the local temperature reaches about
513 K [5]. As the particle emerges through the hurning surface, its temperature quickly
approaches the auto-ignition temperature and after some finite ignition delay. the
particle then decomposes into gaseous products (an intermediate liquid phase is
possible). Simultaneously, the adjacent binder is undergoing an endothermic pyrolysis.
The decomposition products of the oxidizer and binder burn in exothermic reactions
above the propellant surface producing a flame structure above the particle that is
controlled both by kinetic and diffusion processes due to the heterogeneous surfac:
structure. Some of this energy released by the Hlames is transferred back to the
propellant surface and the rest is carried awayv by the product gases. The heat fed back

to the surface directly controls the surface detlagration rate.

1.4. Combustion Models

Statistical combustion models 16-13] provide a framework for descnbing the
complex sequence of events involved in the burming of 2 composite propellant. A
model must describe the structure of the propellant surtace. the combustion and heat

transfer of the gas phase. and the deflagration of the surtace. Models typically analvze




a single oxidizer particle and an associated amount of binder then use this result as the
basis of prediciing the propellant burning rate. The following sections describe the

general approach followed.

1.4.1. Surface Structure The complex structure of the surface is simplified by using a
mean state concept [6]. The many stages of exposure of an individual oxidized particle
are modeled using only one state. This state is chosen as the statistically averaged
surface diameter exposed when a random plane is passed through a particle bed. The
entire emergence process is then equated to this statistically representative state as
illustrated in Figure 5. Figure 6 shows additional detail that is included to describe the
instantaneous surface of the AP crystal protruding above (or below) the binder. So the
complexity of the particle evolution is simplified by using a statistically mean state to

represent the entire emergence process.

1.4.2. Flame Structure The flame structure used in modern combustion models was
developed by Beckstead, Derr, and Price [7]. The drawing in Figure 7 shows the
proposed flame structure above the statistically mean state. Three flames are
considered in the model: a primary flame that is controlied by kinetic and diffusion
processes; an AP flame that is a kinetic controlled monopropellant flame; and a final
flame that is a diffusion controlled flame. These three flames compete for the
decomposition products based on kinetic and diffusion mechanisms causing the
proportion of energy released in each flame to be a function of both pressure and

particle size.

The position of each flame above the propellant surface influences the heat

conducted back to the surface. For the AP flame, a one-dimensional heat transfer from

a flame sheet is a reasonable approximation. For the diffusion flames, that are columnar
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in nature, the heat transfer would be three-dimensional but results are converted into a
one-dimensional flame sheet. The resulting flame sheets and their standoff distances as

represented by an analysis are sketched in Figure 8.

The flame structure then accounts for the partitioning of the decomposition
products into three flames predicting a flame temperature and a position for each flame

above the surface.

1.4.3. Surface Deflagration The oxidizer and binder of the statistically mean state are

assumed to deflagrate with a mass flux that is an Arrhenius function of surface

mo' =A, ex s (4)
X ox RT,
m, = A b (5
b b €X R ]

The surface temperature is computed by performing an energy balance at the

temperature

propellant surface. Sources that influence a control volume that moves with the burning
propellant surface are shown in Figure 9. Energy is conducted to the surface by the
three propellant flames. Energy is also supplied by two additional mechanisms. First.
the heat of decomposition of the binder (endothermic) and the heat of decomposition of
the AP (net exothermic) is released at the burning surface. Second. energy is also
convected into the control volume by the propellant and out by the hot gases. The
deflagration rate of the surface is then determined by using conservation of energy to

determine the surface temperature.

1.4.4. Predicting Rate For a monomodal oxidizer propellant, the total burning rate can

be derived from the analysis of one representative state. If the oxidizer deflagration is
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assumed to dominate the surface reaction, then the binder is consumed at a rate

proportional to its mass fraction. The mass flux of the propeliant is then

o[,
rin={ ";‘”‘}{ S‘} (6)

The surface area ratio is computed using the surface structure description. The linear

burning rate of the propellant is then the total mass flux divided by the propellant

density.

r=— (7N

For polydisperse or multimodal oxidizer distributions this approach must be
extended. Several oxidizer diameters are partitioned into pseudopropellants that each
describe a mean state based on the oxidizer particle size distribution. Each
pseudopropellant is assumed to bum with an oxidizer-to-fuel ratio identical to the
overall formulation. The propellant burning rate is then computed by integrating

together the contributions of each pseudopropellant.

The average rate can be determined from the pseudopropellant rates using two
approaches. An average is generally computed by integrating a local value of a
dependent variable about an independent variable. For the propellant either time or
space could be considered as an independent variable with burning rate as the
dependent variable. This leads to two possible approaches for integrating the

pseudopropellant burning. The area-averaged approach

(8

and the time-averaged approach
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where f; and f, are space and time dependent distribution functions respectively.
Equation 8 has been used with the multiple flame model to describe particle size

distribution effects with the Petite Ensemble Model.

Results of burning rates, predicted with the Petite Ensemble Model, are sketched
in Figures 10 and 11. Figure 10 shows the effect of the various flame mechanisms on
the burning rate as a function of pressure for a monomodal oxidizer propellant. At low
pressures, the primary flame kinetics control the combustion resulting in an exponent of
nearly unity. As the pressure increases, the combustion transitions to an intermediate
stage where diffusion processes compete for the reacting species. Diffusion control
lowers the pressure exponent. Then, at high pressures, the exponent again approaches
unity as the mechanism return to a kinetics reaction. This time, however, it is the AP

monopropellant flame that controls the combustion.

The onset of the diffusion control is a function of AP particle size. Figure 11
shows the burning rate-pressure curve for three monomodal propellants. The results
show that larger particles introduce the diffusion processes into the combustion at lower

pressures.

1.5. Summary

Ballistic properties of solid propellants must be controlled to attain the desired
performance of a rocket motor. The ballistic properties can be controlled by selection
of the AP particle sizes included in the formulation. Both the burning rate and the

exponent are influenced by AP particle size distribution.
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2.0 OVERVIEW OF RESEARCH

2.1. Wide Distribution Propellants

The recent requirements for minimum smoke propellants has forced the removal
of aluminum powder from certain propellant compositions. Aluminum products in the
rocket plume can contaminate spacecraft or can leave a visible trail between the rocket
motor and the launching platform that is a problem in air combat. To make up for the
impulse lost from removing the aluminum, more oxidizer must be packed into the
propellant matrix. Since there is a finite interstitial space between unimodal oxidizer
particles, the overall oxidizer to fuel (O/F) ratio is increased by packing smalier
diameter modes between larger particles. This has resulted in the development of non-
aluminized, wide oxidizer distribution’ AP propellants. A typical oxidizer blend for a
wide distribution propellant was shown previously in Figure 4. The coarse mode

usually has mean diameters ranging from 120-400 microns.

Combustion models based on the multiple flame concept (previously discussed in
section 1.4), such as the BDP [5] and the PEM [9] have been able to predict the ballistic
properties (burning rate and exponent) of previous polydisperse propellants to within
about 10 percent. The influence of the size distribution on average rate is predicted by
integrating together the results of independent analyses of each particle size. These
models, however, are not able to predict the bumn rate-pressure behavior of the wide

* Wide Distribution will be defined as a polydisperse, multimodal oxidizer blend having a
factor of 10 difference between the mean diameters of the largest two modes.
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distribution propellants, especially over large wvariations in coarse particle

concentration.

2.2. Distinctive Mechanisms

Previous studies [12,13] have shown that HTPB™* propellants with wide AP
distributions burn at rates much different than predictions based on theoretical or even
extrapolated experimental values. Comparison of measured {19] and predicted buming
rates are shown in Figure 12 as a function of coarse oxidizer fraction. Incrementally
replacing the fine oxidizer with coarse particles in this trimodal propellant, results in an
decrease in measured burning rate. Results of PEM calculations are close to the
measured rate at lower concentrations of coarse particles but miss the decrease in rate
as the coarse fraction is increased. Two phenomena could possibly cause these

differences.

2.2.1. Heterogeneous Surface Chemistry The first is a change in the local allocation
of the oxidizer and fuel. Scanning electron microscopic pictures of the propellant
surface [19] have shown the heterogeneous nature of the coarse and fine AP exposed on
the propellant surface. The heterogeneity is illustrated in Figure 13 for a tvpical.
trimodal propellant formulation. For every 400u AP particle, there are over two-
thousand, 20u particles and over two-million, 3yt particles. The fine AP and binder
make up a matrix that appears homogeneous when compared to a coarse particle. This
fine-AP/binder matrix is often called a pocket propellant because it lies in a pocket
between the large particles. Figure 14 shows the pocket propellant concept. The
pocket propellant consists only of the fine AP particles and all of the binder. It is
equivalent to casting the propeliant without the coarse particles. The pocket propellant

** hydroxy-terminated polybutadiene binder




concept is used because significant amounts of the fine AP/binder matrix are then
reacting away from the influence of the coarse particles. The model, however, allocates
binder in equal proportions to all particle sizes. The difference is that fine AP/binder
matrix could be buming at a significantly different stiochiometry that controls the
ballistics of the overall propellant and the coarse particles having only a secondary

effect. Variations in the coarse fraction would change this local chemistry.

2.2.2. Intermittent Combustion. The second phenomena that could cause
unpredictable burning rates is intermittent combustion. Initial measurements of the
local burning rates of wide distribution propellants [20,21] have revealed a local
starting and stopping of the surface caused by long ignition delays of the coarse
particles. Figure 15 shows this phenomenon. Traditional models have constrained the
propellant to burn with a certain order based on either area-averaged or time-averaged
integration schemes that combine the bumning rates of each particle size to produce an
average burning rate. Long ignition delays can invalidate the assumption that all
particles are burning simultaneously on the surface implicit in the area-averaged
approach. They can also invalidate the assumption that particles bumn sequentially
(slow particles could be bypassed) inherent in the time-averaged approach. The

sequence that the particles burn could be augmented by the long ignition delays.

Thus, two factors force departure from the conventional models of combustion;

the reallocation of fuel and intermittent combustion.

2.3. Statement of the Problem

The results of past investigations suggest that two questions must be answered to

predict the burning rate of wide distribution propellants.
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1. How does the oxidizer particle size distribution effect the local combustion

chemistry?

Current multiple flame models allocate constant proportions of the oxidizer and
binder to each size oxidizer without regard for the local chenncal heterogeneity caused
by the propellant matrix. A mechanism that describes the rzallocation of the binder

with changes in oxidizer particle size distribution is needed
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2. What conditions produce unusually long oxidizer ignition delay periods?

Current models for combining the burning rates of different sized particles are
invalid if the ignition delay of the coarse oxidizer particles becomes too long. The

conditions that produce intermittent combustion must be described to identify

formulations outside the scope of current theones.

The problem then is that the local combustion processes of wide distribution

propellants must be measured or inferred to understand how to they control the average

buming rate.
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2.4. Scope of Research

The major emphasis of the research is in the experimental area. The scope is

divided into two major sections; development of an instrument to measure the local

burning, and combustion studies.

1.

DEVELOP INSTRUMENT

e Develop technique to continuously detect the local movements of the
propellant surface.

o Evaluate the instrument performance on controlled inputs and on propellant
strands at pressure level from 1.0 to 34.0 ATM.

COMBUSTION STUDIES
Propellants

o Formulate 6 series of wide distribution propellants that control fine-AP/binder

chemistry, coarse oxidizer volume fraction, and binder curative.

e Formulate 2 series of trimodal wide distribution propellants that represent

formulations used in actual applications.

Ballistics

e Measure average buming rates as a function of pressure of all propellant

formulations at pressure levels from 8.5 to 68.0 ATM.

e Measure local burning of propellant strands with the device developed above
for selected formulations quantifying the ignition delay of the coarse particles,

and the average burning rate of the propellant.

o Examine the extinguished surface of two formulations having different binder
curatives and an identical oxidizer distribution at pressure levels from 8.5 to

68.9 ATM.

o Interpret results in light of current theories and propose mechanisms that

account for observed behavior.
21
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3.0 SURVEY OF BURNING RATE MEASUREMENT TECHNIQUES

Propellant burning rate is a locally unsteady process that fluctuates about a long
term mean rate as illustrated in Figure 16. The instantaneous burning rate fluctuates by
a small amount about the mean value as the local heterogeneities of the propellant are
encountered. This low frequency, intermittent combustion is not the instability
associated with pressure or velocity coupled burning rate responses. The instantaneous

burning rate of a propellant is defined by

. _ o) AX L dX
ri-,sl:‘—r?o{ At} dt (10)

If the instantaneous rate were known, the mean value theorem could be applied to

determine the average rate

u
= - [t (1)

bo
In practice however, continuous or infinitesimal distance measurements cannot always
be obtained. The buming surface is rough, and the exhaust gases are hot (3000K),
corrosive (HCl), and luminous making conventional precision measurement techniques
inappropriate. To further complicate the matter, the propellant must be burn at elevated
pressures (100-10,000 psig) to simulate operating conditions. Equation 6 then can be

approximated by

. XX,

1% 9 13

and if the time is sufficiently long this value will be the average value also. What
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follows is a description of the various techniques and detection principles that have
been used for measuring the burning rate of a solid propellant strand in a strand burner.
A brief description of the strand burner is given. Surface detection techniques are then
reviewed that have been applied with combustion bombs to find a suitable technique for

measuring local surface movements. A summary is presented at the end of the chapter.

3.1, Strand Bombs

In testing new propellant formulations to determine the buming rate, two
categories of devices are used: subscale test motors and strand bombs. Test motors
provide reliable and accurate burning rate information [20], however, test motors are
more costly to operate and provide limited access for direct measurements of the
propellant burning rate. Combustion bombs, on the other hand, provide a pressure
controlled environment where a variety of surface detection schemes can be applied.
While combustion bombs do not produce buming rates that correlate consistently to
results from test motors, they do allow investigations of combustion phenomena that
cannot be measured using subscale test motors. Further, for research purposes where
many ambient condition and formulation changes are desired, the strand bomb allows

many tests to be run with minimal cost.

The hardware for a typical combustion bomb is shown in Figure 17. The shell of
this vessel is designed to withstand high pressures (up to 3000 psig) and hold windows
for optical access. Small sized strands, typically 0.25 x .25 inches in cross-section are
bumed under a steady pressure. Gaseous nitrogen enters the bomb at the base and is
flushed through the interior and out exhaust ports at the top. This provides a constant
pressure, constant flow rate condition around the sample during a given experiment.
Optical access is provided by quartz windows and electrical leads come through

pressure-sealed bulkheads. Several detection schemes have been used to sense the
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position of the burning front with the combustion bomb.

3.2. Discrete Techniques

Several methods have been used to detect the propellant surface position at
discrete time or distance intervals. The approximate expression for average bumning

rate is

I, =

AX
A a3

The measurement can be made either by measuring the action time, At over a controlled
distance, AX or conversely by measuring the distance burned over a specified time

period. The principle is illustrated in Figure 18.

3.2.1. Timing Wires {23,24] Fine wires are fed through small holes drilled in the
propellant strand. The holes are spaced at known intervals and connected to electronic
circuits. When the burning front reaches the wire, the wire is quickly melted and the
resulting continuity loss in the circuit triggers a timer. Several wires my be inserted
along a single strand. Placing the wires is time consuming, and the wire increases the
bumning rate momentarily by enhancing the heat transferred to the propellant surface.

Inaccuracies are also inherent in the positioning of the wire.

3.2.2. Thermocouples [25] Thermocouples are placed in small holes drilled in the side
of the propellant strand at measured intervals. The surface is detected by the rapid rise
in temperature as the burning front passes the thermocouple bead. The same difficulties

associated with timing wires are present however, less of the buming front is disturbed.

3.2.3. Ionization and Conductivity Probes [26,27] Ionization or conductivity probes
are inserted in small holes that are drilled at predetermined depths in the propeliant.

The ionization probes are charged to a high potential. As the buming front passes, the

27




gases allows the voltage 10 discharge. Conductivity probes similarly sense exposure to

the gases except the gas is used as a conductor to complete an electrical circuit.

3.2.4. Laser Beams [28,29] When optical access is possible, a laser beam can be used
to measure the burn time. Two beams are directed through the combustion bomb and
into two photodetectors stationed outside the opposite window. Optical filters admit
only the light wavelength near the laser light’s color. The beams are then blocked by
positioning the strand in their path. When the buming front passes the beam, the laser
light passes through the combustion bomb and enters the photodetectors. The output of
the photodetectors triggers a clock. Inaccuracies are introduced by the beam being bent

as is passes through the changing refractive index of the gases above the propellant.

A variation of this technique has been attempted [30] in which the laser beam is
expanded and directed toward a linear array of photodiodes. Each photodiode is
triggered as the laser light shining over the moving surface enters successive detectors.
The array can have a close measurement interval (AX) however the problems with

beam bending are still present.

3.2.5. Pressure Sensor (32] In a stand bomb, a slight pressure rise will occur while
the propellant is burning. By timing the duration of this pressure rise over the duration

of the entire burn, the burn time is determined.

3.2.6. Acoustic Emissions Sensor {33,37] When a propellant burns, it gives a off high
frequengy sound when the oxidizer particles crack. By attaching an acoustic emission
sensor to the combustion bomb, the RMS sound level triggers a clock. Sometimes,
small notches are cut in the side of the strand that produce spikes in the sound level.

This is a fast, reliable technique for determining the burn time of a strand.
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3.2.7. Strand Measurement [38] A discrete technique that controls the time variable
and measures the distance bumned is called extinguishment. By suddenly rupturing a
diaphragm in the bomb wall, the pressure inside the strand bomb drops and most
propellants extinguish. The length of the remaining sample can be directly measured.
This technique is time consuming for bumning rate determination and is more often used

to study the details of the propellant surface or to study other phenomena.

3.2.8. Motion Picture Camera [18,21,39-43) High speed cameras, with framing rates
from 4-44,000 frames per second, are used in propellant burn rate studies. Pin-
registered cameras record the profile of the burning surface at rates of from 4 to 500
frames per second, while rotating prism cameras have framing rates ranging from 20 to
44,000 frames per second. With the surface position recorded at known intervals, the
burning rate can be determined at many locations depending on the camera framing
rate, the film resolution, and the propellant buming rate. Motion analyzers are used to
project the film and measure the time-motion phenomena. This setup requires
additional light sources and sequencers to do the photography. Cinephotomicrography
begins to approximate the time intervals necessary to see the fluctuating component of

the buming rate although distance resolution is somewhat prohibitive.

One new approach [39), uses a pulsed copper vapor laser to illuminate the

propellant and eliminate flame glare.

3.3. Continuous Techniques

A few techniques for continuously measuring the surface position of a burning
propellant strand have been used with the strand bomb. The techniques generally
involve an energy source and a sensor as illustrated in Figure 19. The movement of the

burning surface continuously changes the amount of energy transmitted to the detector
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so that an intensity-surface height correlation may be drawn. The following discussion
of continuous measurement techniques is ordered by the energy source used to detect

the burning rate.

3.3.1. Electromagnetic Radiation Electromagnetic radiation has mainly been used
with detectors positioned on the opposite side of the propellant strand. The output is an
analogue signal measured by a detector that has a continuous distance sensitivity over a
limitied range. The radiation is blocked to varying degrees by the position of the
burning surface as illustrated in Figure 19. Light sources, such as a tungsten lamp [44-
46) and a He-Ne laser [47-51) directed across the propellant have been used. Light
from the tungsten lamp has problems with sample heating and emitting light in the
same spectrum as the propellant introducing bias in the detection. For the laser, a band
pass light filter is positioned in front of the detector to screen most combustion light.
Problems are possible however from the laser beam being deflected from a straight path
by the refractive index differences of the combustion products and the purge gas. Laser
beam measurements have been successful although they are also susceptibie to
attenuation by the propellant smoke and irregularities in the propellant surface. X-Rays
have been suggested for strand work, however, the sensitivity would probable be

insufficient to resolve the surface of a small strand.

These techniques often have a limited sensitivity range so they are often used with
a servo-positioning system that continuously positions the surface of the strand in the
measurement volume [45,47,48] or sometimes the detector and source both follow the

moving surface [50, 51).

3.3.2. Collimated Radioactive Beam [30,52] A radioactive beam is passed through
the strand and the intensity of the emerging component is measured. A scintillation
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probe is used as a detector and the resulting signal provides a continuous measure of the

bumming rate. Unfortunately, the sources introduce operational hazards for the test

personnel.

3.3.3. Microwave Reflection [53-56] The principle of the microwave technique is
illustrated in Figure 20. A continuous microwave beam is transmitted through the
propellant and reflected back from the propellant burning surface. The reflected signal
has a Doppler shift proportional to the surface regression rate. Present microwave
techniques achieve greater resolution by monitoring the phase angle difference between
the incidence and reflected microwave signal. Microwave systems are capable of
measuring rapid, changes in the burning rate. The rate measured is an instantaneous

rate.

The same principle could be applied by refiecting a wave (such as light or sound)
off the burning surface through the gases. The variable physical properties of the gases
and the diffuse nature of the buming surface currently make this approach less
desirable.

3.3.4. Combustion Recoil[57,58) As the propellant burns, the weight of the remaining
sample decreases. By measuring the force exerted at the base of the sample, the mass
consumption rate can be measured and the bumning rate determined by
__m

PoAs

A propulsive force, however, is produced by the product gases that biases the

f, (14)

measurement.
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Figure 20. Principle of Microwave Reflection

3.3.5. Pressure-Time Trace [59,60) This method bums strands in a closed bomb to
indirectly compute an expression for the burning rate. The pressure-time history of a
strand burning in a sealed vessel is recorded. The pressure during the experiment
increases and time derivatives of the pressure can be used to calculate the constants in
the St. Robert’s burning rate law

r=cpP? (15)
The analysis is based of a thermodynamic treatment of the closed system.

3.4. Summary of Experimental Techniques

Tables 1 and 2 presents a summary of the different methods employed for
determining the burning rates of solid propellant strands. For purposes of comparison,
a 25mm long, 6mm square, strand was assumed having a burning rate of 1.0 cm/sec. In
Table 1, the discrete techniques are summarized. The AX column represents the
estimated minimum separation distance of the sensors when action time is the
independent variable. Table 2, compares estimated specifications for the continuous
sensors. Resolution represents the minimum change in propellant surface height that
the sensor can detect. Probe diameter represents the dimension of the minimum
circular probe area showing how spatially local the measurement could be made.

Range is the total distance over which the technique is sensitive.
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Table 1.
Comparison of Discrete Measurement Techniques

Section Technique Type ARgi At [Accuracy Remarks
3.2.1 |{Timing wires Discrete 6 mm Fair | All these techniques are appropriste
for avcrage measurements. The
322 {Themocouples (Discrete 6 mm Fair {probes introduce combustion
enhancement because of heat con-
3.2.3 {lonization or Discrete 6 mm Fair  |duction. lItis also difficult to pre-
conductivity cisely locate the probe positions.
probes Any response time delays, that are
not compensating amplify as the
bum rate increases
324 |La..rbeams Discrete Imm Good |Laser beams are bent by hot gases.
Smoke attenuates beam. Beams are
non-intrusive.
325 |Pressure sensor Discrete 25 mm Fair | Threshold for triggering is impre-
cise intime
3.2.6 |Acoustic Emis- |Discrete 12 mm Good |Rugged accurate method of deter-
sion mining average buming rate
sensor
327 |Strand measure- |Discrete 12 mm Fair {Time consuming
ment
328 |Motion picture Discrete/ Imsec | Very | Excellent ime resolution. Provides
camera continu- Good  |qualitative vicw of combustion.
ous Data analysis time consuming and

not available in real time




Table 2.
Comparison of Continuous Techniques

[Section] ~ Technique Resolution] AR [ Range |Bandwidth| Accuracy Remarks
328 {Motion Picture 20 Su{12mm®] 2000Hz | Good |Actually a high frequency
Camera discreie (sec Table 1)
3.3.1 |Tungsten Light 50 (2000u(2mme*; 200 Hz Fair |Sample Heating
3.3.1 {Lascr Beam from 50 60u}! .6 mm*| 1000 Hz Fair |Beam bent by gases. Small
side probe volume
331 |X-nay Unknown | 6000 i {24 mm* | Unknown | Poor |Poor resolution
332 |Radioactive Unknown {6000 u | 24 mm* Unknown { Dangerous to operator
333 |Microwave A0 {6000 1|25 mm+| 2,000 Hz {Exceilent | Excellent bandwidth. Instan-
Reflection tancous measure of larger por-
tion of surface
334 |[Combustion N/A |6000u] 25mm| 10Hz Fair | Biased by propulsive forces of
Recoil gases
335 |Pressure-time N/A 25 mm Unknown|Not used exicnsively in compo-
Trace sites
* depends upon magnification
**can be extended with servo-positioning
+Gives an RMS average of surface (1.2 cm wave)
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3.5. Conclusions

Clearly, of all the techniques surveyed, the only ones that are acceptable for
measuring the microscopic burning rate fluctuations are high-speed photography and
microwave reflection. High-speed photography has a sufficiently large bandwidth and
small probe volume. There are some limitations however on the spatial resolution

caused by limited depth of focus and the surface roughness of the burning front.

Measurements can only be made at the edge of the strand which may not be
representative of the actual combustion processes because of edge effects. Microwave
reflection has enough resolution and bandwidth, but the probe volume is too large to

isolate the burning rate fluctuations of single oxidizer crystals.

It would be desirable to develop a technique that can continuously measure the
local deflagration of the propellant surface. Current state-of-the-art techniques do not

provide a satisfactory method of measuring the local combustion phenomena.
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4.0 TECHNIQUE DESIGN, ANALYSIS, AND TESTING

This chapter describes the development of a new optical instrument to measure the
local movements of a solid propellant surface. The instrument, called a Laser Position
Detector[61], uses a laser beam with a closed-loop tracking system to geometrically
determine the surface height. The system also employs synchronous detection to
measure in the combustion environment. This chapter describes the requirements,

operating principles, analysis, and bench testing of the technique.

4.1. System Requirements

In this section, objective design requirements are specified for the performance of
the measurement instrument. The highest objective is to measure the local, intermittent
movements of the propellant so the requirements will be derived for this application.
The requirements will be specified with classic terms and they will serve as guidelines

for acceptable performance in the design, analysis, and the testing of the instrument.

4.1.1. Measurement Considerations The first consideration is describing the local
movements of the propellant surface. Results of high-speed movie data, plotted in
Figure 21, show that the propellant surface displacement has intermittent changes in
slope. During the heating of large oxidizer crystals, the surface shows little
displacement and this time is called the rest period. After the oxidizer ignites, the
propellant burns displacing the surface at a much higher rate. This time is the burn

period. The slope fluctuates between these high and low slopes as successive burn and
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rest periods occur during the combustion. The objective of the measurement is to
determine the duration of the burn and rest periods and the slope or rate during each
period all to within 5 percent.

Data averaged from high-speed motion picture measurements characterized the
intermittent surface movements. Figure 22 shows typical values for the bum period,
burn distance, rest period, and rest distance produced from the idealized curves. The
displacement-time curve, in the top graph shows the surface moving an average of
0.010 in. during the rest period and 0.030 in. during a bumn period. The duration of both
the burn and the rest periods averaged to 25 msec. The idealized velocity (or rate) is
shown is shown in the bottom graph. A square wave describes the idealized rate. The
rate during the burn period of 1.20 in/sec and during the rest period 0.04 in/sec.
Idealizing the surface motion will simplify the selection of transient performance

requirements.

The second consideration is the hostile environment produced by the propellant
combustion. For an optical instrument, portions of the light traveling through the
combustion gases will be attenuated. Measurements of the smoke attenuation during an
experiment [62]) are plotted in Figure 23. These results show that, during an
experiment, the smoke can block half of the beam power transmitted through the
combustion gases. The combustion pressure also has an effect. Data from pulsed-laser
experiments [63) is shown in Figure 24. The average laser intensity transmitted

through the smoke and flames is reduced as the pressure of combustion increases.

The third consideration is the nature of the propellant surface. The surface often
has an irregular shape that can produce angles up to 30 degrees off the horizontal. The

oxidizer particles that are being observed are 300 to 600 microns in diameter.
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The final consideration is the design technique. The system will be designed using
experimentally determined transfer functions. Errors in estimating each transfer
function could add through the system causing large miscalculations of phase for the
total system. This will be accounted for by allowing 5 degrees of phase uncertainty for
cach component tested.

4.1.2. Specifications and Requirements The preceding considerations were converted
into seven specifications. These specifications describe the steady-state and transient
requirements for an instrument to measure the local, intermittent solid propellant
burning. Table 3 lists the specifications, their required values, and the basis for
calculating the requirement. The specifications are defined in the glossary at the
beginning of this report. In addition, the instrument should have a probe diameter less

than 400 microns.

4.2. System Description

An optical concept was adapted to approach the problem of continuous, local
surface detection. A laser beam shines down on the surface at an angle 6 from a
horizontal reference line as illustrated in Figure 25. A spot appears on the surface as
the light is diffusely reflected. As the surface moves from position 1 to position 2, the
beam spot traveis laterally a propcrtional distance x,. Thus, the surface height change |
Ys» may be determined by continuously measuring lateral position of the beam spot. A
local displacement measurement is possible because the light 1s reflected off of an area
the size of the beam spot. This concept has been applied extensively in optical gaging

and machine vision.

This concept was modified to address the solid propellant measurement problem.

The lateral movement of the spot had to be eliminated because solid propellants do not
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Table 3
Minimum Performance Requirements-
Intermittent Buming
SPECIFICATION REQUIREMENT BASIS
Resolution <.003 in 10% of averaged bum distance
Rise Time <2 msec 10% of averaged bumn or rest period
Seutling Time < 6 msec < 3x rise time
Steady-Suate Error 0 matching slope of the input
(velocity)
Minimum Gain 1000 10 1570 rad/sec | rise-time based analysis
Crossover Frequency
Gain Margin 26db 50% reduction in gain caused by smoke
Phase Margin 230° S deg. exp. error for 6 devices

!
[
'
|
!

Figure 25. Geometric Height Sensing
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burn in smooth, flat planes so the surface height ideally would be measured along a line
perpendicular to the surface movement. Figure 26 shows how changing the incoming
beam angle, 8, compensates for the lateral movement of the spot. Now, as the surface
moves from position 1 to position 2, the beam angle increases to continuously center
the spot on the vertical reference line. The surface height, Y, for this configuration is a

trigonometric function of the beam angle, 6.

To carry out this concept, three subsystems are required that are symbolized in
Figure 27. First, a beam scanner is needed to control the incoming beam angle so that
the lateral error of the beam spot from the vertical axis can be eliminated as the
propellant burns. Second, a sensor that measures the lateral misalignment of the beam
spot from the vertical reference axis is required to produce an error voltage. Third, a
controller or feedback link is necessary to modify the error signal from the sensor and
transmit it to the beam deflector so that the beam angle can be adjusted to eliminate the
lateral error. The system outlined is a closed-loop tracking system that will

continuously measure the displacement of a local area of a surface.

The following sub-sections describe the principles and techniques used to carry

out each of the functions just described.

4.2.1. Scanner The scanner controls the angular position of the incoming baser beam.
Its function is to aim the beam at the point where a fixed vertical reference line
intersects the moving propellant surface. Either an electro-mechanical beam scanner
consisting of a mirror mounted on a galvonometer and a power amplifier, or an
acousto-optic beam deflector consisting of a crystal and a RF amplifier, can control the

angular position of a laser beam.
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Measuring the scanner beam angle also determines the propellant surface height.
The basic relationship for the surface height as a function of beam angle (from Figure
26) is

Y, = X,tan(0) (16)
assuming that there is no lateral error. This makes the surface height a unique function

of the beam angle. In reality, however, the beam spot will not be located exactly at the
intersection of the vertical axis of the detector and the propellant surface. Therefore, to
account for finite lateral errors, it is necessary to describe a more general condition.

A coordinate system describes the configuration of the system. Figure 28 shows a
fixed coordinate system, X-Y, with an origin at the point P. The beam angle, 6; the
distance to the vertical axis, X,; the distance to the propellant surface, Y,; the distance
to the point where the beam crosses the optical axis, Y,; and the distance at which the
beam strikes the propellant surface, X,; are all measured in this coordinate system.
Point A is a reference point having the fixed dimensions 6., Y,(8°) ,and X,. A line
extending at the reference angle, 6°, intersects the propellant surface at point P°

defining a reference lateral error, X, (6°).

To express relations for the lateral error as a function of the propellant surface
height and the beam angle, a local coordinate system, x-y, is defined at point A. In this
local coordinate system, the lateral error is

Xe = X — X, a7
Expressions for the reference lateral error, x, and the lateral beam compensation, x,,

are next derived from linearized relationships.

For a fixed beam angle, the beam spot moves laterally. x,, when the propellant

surface is displaced. The movement of this point, P°, is linearized from point A
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X
X0 =X, + aY] (Y — Y,(687)]

Rearranging into local coordinates gives

9X;
xs = X,(0°) - X, = Jy

aY
where the partial derivative is
X,| 9| Y = cotand
Y, |, oY, | ane)| T
o
making

x, = [cotan@,] y,
the linearized expression for the reference lateral error.

(18)

(19)

(20)

(21)

For a fixed surface height, the beam is deflected a lateral distance, x,, when the

beam angle changes. The expression for the beam intersection point is linearized about

point A

X, (0 X9°+ax 0-6
s() s() —aT[ o]

Rearranging into local coordinates gives

o 90X,
Xq = X4(0) - X,(6°) = ae} ¢

where the partial derivative is
X, 9
—_ = = 2 =Y 26
a9 L d0 [ tanOH €5 %o

- [csc290] ¢

making

the expression for the lateral compensation as a function of the local beam angle.
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The linearized expression for the lateral error is the obtained by substituting
equations 21 and 25 into equation 17

x, = [cotan8,] y, ~ [csc?8,] ¢ (26)

Thus, a linearized expression has been derived showing how the initial geometry, the

beam angle, and the propellant surface height are related to the lateral error of the beam

spot from the vertical axis. This expression will be used later in the control system

analysis.

4.2.2. Sensor The function of the sensor is to produce a voltage that is proportional to
the lateral error, x,, of the beam spot on the surface. The sensor consists of two parts; a
detector that is sensitive to light coming from the propellant surface and an amplifier
that recovers the signal of the laser spot from that of the noise produced by the

combustion light.

The detector is an electro-optic device that measures the light emitted from a
specific area of the propellant surface. Figure 29 shows that it consists of a lens, a
pinhole, a laser line filter, and a photodiode. Laser light diffusely reflected from the
propellant surface is collected by the lens and focused through a pinhole. The detector
"looks” along its optical axis on a line through the center of the lens and the pinhole.
The line filter admits only light at the laser wavelength. The diameter of the pinhole is
slightly smaller than the diameter of the spot image. The energy of the light that passes
through the pinhole is converted into a voltage by a photodiode and an amplifier located
behind the pinhole.

The detector is sensitive to the lateral movements of the laser spot, x,, from the
optical axis. When the spot is positioned on the surface at the point of the detector’s
optical axis, the spot image is concentric with the pinhole allowing the maximum

amount of light to pass through the pinhole to the detector. As the surface moves up or
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down, the resulting lateral movements of the spot produce lateral movements of the
spot image. This causes portions of the collected light to be blocked from the detector.
Figure 30 illustrates a detector calibration curve showing the photodiode voltage plotted

as a function of the lateral spot position.

For analysis, the central portion of this curve may be described empirically with

an inverted parabola

= 1 2
Vep = Vo alD) + T M b<x<hl QN

The two coefficients in this expression are functions of the surface reflectivity, r,

because a more reflective surface will produce a higher value of V,,, and less contrast
(larger values of "a"). Therefore, the lateral movements of the laser spot produce a

detector calibration curve that is only a function of the surface reflectivity.

When the propellant is burning, the detector calibration curve is not solely
influenced by the surface reflectivity. Figure 31 shows the detector voltage produced
by light emitted from a burning strand. Light emitted from the reacting gases causes a
large, time dependent increase in the detector voltage. Also, the soot, smoke, and
flames in the gases attenuate some of the laser light decreasing the laser signal reaching
the detector (shown previously in Figures 23 and 24). Equation 27 may be modified to

account for these two influences

- 1 2

Vep =N (t) {Vm”(r) + 220) Xg ] N + [V,,,mcs(i)] roise (28)
The combustion effectively lowers the laser signal and adds noise to the photodetector
voltage. It is clear from this expression, that measuring the photodetector voltage

during burning does not provide an accurate measure of the lateral position of the beam

spot.
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To recover the laser signal from the photodetector voltage synchronous detection
is used. Common applications of synchronous detection use chopping of the laser
beam. However, in this application, the incoming beam angle is deflected periodically
at a carrier frequency, ®, such that a periodic movement of the spot on the surface
occurs

X, = b sin(@t) + X, 29
With the laser spot periodically scanned, the detector now produces a time-dependent

output that is derived by combining equations 28 and 29. The resulting expression,

after a trigonometric substitution is

o 0 355+ 0
o= ROV a5 * 220) T ) owten

[ b 10
* [E a(r)

] (I,)] sin(ot)

[ 12
L&;-(-tl] cos(2mt) 30)

= ] 8 a()
This equation has been grouped into three frequency components; a low-frequency

component, carrier-frequency component, and double, carrier-frequency component.
The terms of the low-frequency component result from the time-dependent combustion
processes L.at are generally low frequency in nature (<200 hz). The magnitude of
carrier-frequency component carries information about the lateral position of the spot.

Its magnitude

_ | b R®
V"D]m‘ [2 a(r)]@ 4D

is a linear function of the spot position. When the spot is centered on the optical axis

(x. = 0), this magnitude is always zero.
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Figure 32 show results of preliminary detector measurements converted into the
frequency domain using a fast Fourier transform (FFT). Figure 32a shows an FFT of
the measured flame emissions. The results, plotted with the DC component truncated,
show little frequency fluctuations in the flame light in the frequency range below 200
hz. Figures 32c and 32d show FFT results of the detector voltage in the absence of
combustion. Figure 32b shows the case when the lateral error is zero resulting in the
minimal carrier frequency component. Figures 32c and 32d show the FFT for a lateral
error of 2 and 4 mm respectively and the resulting increase of the carrier frequency
component.

Synchronous detection extracts the magnitude of the carrier-frequency signal from
the output voltage of the detector. A phase lock-in amplifier performs this function.
The lock-in amplifier is synchronized with the carrier frequency of the beam scanning.
The photodetector signal is then multiplied against a synchronized square wave and the
output is averaged to produce a error signal that is proportional to the carrier-frequency
amplitude

vl _

> a (r)] X (t)cos(a) 32)
The lock-in amplifier has an adjustable gain, Kpp 4. The angle a is the phase angle
between the lock-in reference channel and the input carrier. This angle is adjusted to 90
degrees to maximize the output. The unsynchronized, time-dependent noise is

averaged out of the output signal with a low-pass filter.

Thus, a calibration curve for the lateral position of the spot can be extracted from
the photodiode voltage by using beam scanning and synchronous amplification. While
the slope of this curve is a function of the surface reflectivity and time, its origin is

always fixed! The error voltage is
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V, = KppaKppp(T,t) X, (33)
where the variable factors of the propellant, detector, and laser are lumped together in

the factor Kpp;. The output, as plotted in Figure 33 for various surfaces, is then
proportional to the local distance measured from the optical axis of the detector. This is
the essence of this detection scheme. The time dependent factors of the combustion do
not shift the origin of the calibration curve. They only change its slope within a certain

range.

4.2.3. Controller The controller connects the output voltage of the sensor to the input
voltage of the scanner. The controller must do two functions. First, it must produce a
voltage for the scanner that eliminates the lateral error of the beam spot from the
vertical reference line. Second, the controller must condition the sensor signal to
compensate for any inadequacies in the transient response of the system. The following
section describes an analysis of the control system to design this controller so that it

will perform these two functions and meet the system requirements.

4.3. System Analysis

The system is analyzed using a block diagram and experimentally determined
transfer functions. The analysis is used to design a controller to achieve the transient
and steady-state requirements. Then, system response predictions are made with the

controller added to the model.

Two scanners are analyzed for use in the system. For discussion, the

configurations are called:
System-1 Scanner is a galvonometer and mirror

System-II Scanner is an acousto-optic crystal

The analysis and results of System-I are described in detail while only the results for
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System-1I are presented in this section of the report.

4.3.1. System Description System-I is skeiched in Figure 34 to show the major
components and their input-output variables. The input to the system is the propellant
surface height, y,, and the system output is the control voltage, V.. The scanner
consists of a galvonometer and a mirror that is controlled by the input voltage, V,, to its
amplifier. The parameters describing the geometry of the surface and beam angles were
shown previously in Figure 28. The detector measures the lateral error of the beam spot
from the vertical axis, x., and produces a voltage Vpp. The lock-in amplifier modifies
the photodiode voltage into an error voltage, V., which is the input to the controller. A

detailed list of the equipment appears in Appendix B.

Figure 35 shows the block diagram used to model the physical system. With this
model, the propellant surface displacement, y,, is the input and the beam crossing
distance, y,, is the output. (The actual measured output is the control voltage V_.)
Transfer functions are included for each component and for the geometric factors, K,
and K,. Using y, as the output is a classic way to analyze the system and models the

difference between the input and measured surface height.

Individual transfer functions will be determined by experiment and analysis.
Table 4 lists the form of each transfer function, along with its respective input-output
variables. The analysis in Section 4.2.1 determined the expressions for the geometric
constants (equations 21 and 25). Note that the transfer function for the controller must

still be designed.

4.3.2. Controller Design The system is analyzed to design a controller that will
achieve the steady-state and transient performance requirements. A general expression

for the controller is assumed
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Table 4
Anticipated Transfer Functions

NAME | SYMBOL | OUTPUT/INPUT | TRANSFER FUNCTION
M KppL(1/1
Detector D(s) -4 rpL(1/tpp)
Xe I/TPD +s
i Ve Kpall/z )(/710)
Ve N(s) |
coneller ] S0 . <) 5.6
1/t)(032
Scanner-1 S(s) _3_ IKs( ) (0n)
¢ (S+-t—)(s2+2§0)ns+a),f)
b
- 4 Kao(1/ta0)
Scanner-I A(s) V. T
xs
Geometry K, 7 cotan(6,)
s
Xp 2
Geometry K2 ry - Y, csc(8,)
®
J
L J
6l ]
L)



N(s)
D,(s)
where C,.(s) is the compensation necessary to achieve the steady-state requirements and

C(s) = Cy(s)

(34)

the bracketed quantity provides the compensation necessary to meet the transient
requirements.

The first aspect of controller design is meeting the requirement of no steady-state
errors for step inputs in burning rate. The position error for the system, assuming that

the burning rate is the input is

O R G i (35)
vi(s)  y(s) 1+ D(L()C(s)S()K,
Manipulation shows that the steady-state velocity error has an identical form
Y K
£(s) _ 1 (36)

j(s) 1+ DESILE)ICE)SEIK,

This means that the steady-state coefficient of the controller transfer function must have
an integrating action since this is required to obtain zero steady-state error and

integrating action is not present in the other components. So let

K,
Css(s) = *-s— (37)
Substituting equations 34 and 37 into equation 36 and taking the limit as s goes to zero

(time goes to infinity)

= s [D
um(E—‘S)-]:um{ $ [De(s)] }=0 (38)
s—»{)

50y (s) s [D () +N_(5)D(S)L(s)S()K,

shows that the steady-state error to a step input in velocity, y,, is zero when the

controller has an integrating action.

The open-loop frequency response is now considered to design the transient

compensation for the controller. The open-loop transfer function is
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OLTF(s) = D(s) L(s) C(s) S(s) K, (39)
The frequency domain characteristics of the open-loop system can be obtained using

estimates of the transfer functions in equation 39. Experiments on each component
(documented in Appendix A) were used to estimate the transfer functions and the
results are listed in Table 5. The bar over the symbol indicates that each transfer

function has been normalized by its gain. Substituting these expressions into equation

39 yields
—{ N.(s 2
OLTE =K o(s) 100(1900)(2513)(6250)(12,2315) (40)
D.(s) | | s(s+100)(s+1900)(s+2513)(s+6250)(s>+739s+12,315%
where the various forward path gains have been combined
K = Kpp Kpa K K Ky (41)

The (s+100) pole in the denominator is from the lock-in amplifier and is the most
significant component limiting the system response. This pole starts producing phase

lags at 10 rad/sec, resulting in unsatisfactory performance.
To compensate for the lag of the lock-in amplifier the numerator of the controller

is chosen as a lead compensator

N.(s) = (s+100) 42)

to cancel the lock-in pole and for simplicity the denominator is chosen as simply

D.(s)=1.0 43)
Combining the steady-state and transient compensation results (equations 34,37,

42, and 43) makes the controller transfer function

KC
C(s) = —S—[s+lOO] (44)
A controller with this transfer function should therefore achieve the steady-state

requirements and compensate for the phase-lag of the slowest component in the system.
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Table 5
Experimentally Estimated Transfer Functions

SYMBOL | DEF TRANSFER FUNCTION
Bs) D(s) 6250
KPDL S+ 6250
(o) L(s) (10)(2513)
Kppa (s + 10)(s + 2513)
~ C(s) 1 | Nes)
C 2 -
) K. s | Dg(s)
< S(s) (1900)(12,315)?
S(s) 2 2
_ K, (s+1900)(s*+739s+12,315%)
AGs) A(s) 1,250,000
Kio s + 1,250,000




Figure 36 shows a controller designed to produce the desired transfer function.
Figure 36a shows the block diagram. The incoming signal is modified by parallel,
proportional and integral amplifiers whose outputs are summed together. This design
produces the integral and lead compensation without amplifying high-frequency noise
in the system. An additional amplifier is added after the summer for independent gain

control. The transfer function from the controller block diagram is then
KK (K/K +s
C(s) = ._"._K_p.(_;_‘/.]_(’;_l (45)
where Ky/K, is adjusted to cancel the lag of the lock-in amplifier. Figure 36b shows the

electronic schematic actually used to build this controller.

4.3.3. System Performance Predictions The entire system is now analyzed with the

controller included. The open-loop transfer function for System-I with compensation is

OLTE = — K(100)(1900)(2500)(6250)(12,315%)
_ s(s+1900)(s+2500)(s+6250)(s2+2395+12,315%)
The system gain, K, is assumed to be adjustable for the purpose of this analysis.

(46)

A Bode analysis of the open-loop system yields the gain margin and phase margin.
The open-loop transfer function, shown in equation 46, was analyzed using the
TOTALP [65] computer program that calculates both the amplitude ratio and phase lag

as a function of frequency.

The program first computed the effect of system gain, K, on the open-loop Bode
plot. Figure 37 shows the results for two values of forward gain. The lower amplitude
ratio curve represents a forward gain, K, of 120 that meets the 1000 rad/sec gain
crossover frequency represented at point A. The phase margin at this frequency is 32°
as shown on the phase curve at 1000 rad/sec, and the gain margin is 7 db at 1660

rad/sec. The upper amplitude ratio curve represents a 6 db increase in gain to 240 to
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simulate the system operating before the smoke attenuates the beam and results in a

crossing frequency of 1560 rad/sec, a phase margin of 4° and a gain margin of 1 db.

The closed-loop response to a step input is now evaluated for these two values of
forward gain. Figure 38 shows the calculated step response: Figure 38a shows the
response for a forward gain is 240; Figure 38b a gain of 120. The descriptive
parameters are listed on the figure showing that the rise-time requirement is met, but the
large overshoots resulting from the low closed-loop system damping, produces setting

times much longer than are allowable.

This analysis shows that the system will not meet the performance requirements
necessary for measuring the intermittent bumning. The combined phase lags of the
lock-in amplifier and detector lower the phase crossover frequency producing low gain
and phase margins in the required frequency range.

System-I, although too slow to measure the intermittent burning of the propellant
surface, can continuously measure the lower frequency movements of the surface.
Lowering the forward gain to a value of 60 produces a rise time of 2 msec and a settling
time of 6 msec. This gain represents the condition that produces the minimum settling
time. The performance of this system could be improved with the addition of a lead-lag

compensator.

Rather than designing additional compensation, an acousto-optic beam deflector
was substituted for the galvoncmeter scanner. The entire analysis process was repeated
using the the transfer function for the acousto-optic scanner (A(s) in Table 5). Figure
39 shows the calculated results of the closed-loop step response for two values of

forward loop gain. The transient response requirements are met with this system
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Figure 38. Closed-Loop Prediction of Step Response: System-I
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because of the lower phase lags of the acousto-optic beam deflector produce higher
open-loop gain crossover frequency and resulting in larger system damping in the

frequency range of interest.

4.3.4. Summary: Analysis

Results of both analyses are summarized in Table 6 along with the requirements
established in Section 4.1. System-I predictions represent the system with a
galvonometer scanner while System-II predictions are for a system with an acousto-
optic beam deflector. The range of values for each prediction are for a 6db change of
forward gain to simulate the variations caused by the propellant smoke. The lower
value of gain was set by matching the 1000 rad/sec gain-crossover-frequency
requirement for the open-loop analysis. System-I does not meet the requirements for
the intermittent burning measurement. Lowering its gain, however, will make it a
useful system to measure the lower frequency variations in surface position and the
average burning rate of the propellant strands. System-II predictions meet or exceed

all the specified requirements for the intermittent burning measurement.

44. System Testing

The Laser Position Detector system was constructed for bench testing. Special
experiments were designed to determine the static and the transient performance of the
actual system as a function of system forward gain. This section describes the approach
and the results of testing the closed-loop system. Additional details of this testing are

presented in Appendix B.

4.4.1. Test Configuration To test the system. controlled inputs must be applied to the
system while measuring the output. A step input is required for the rise-time and

settling time measurements while harmonic inputs are necessary to determine the
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Table 6

Transient Performance Predictions

SPECIFICATION REQUIREMENT PREDICTION-1 PREDICTION-II
Galvonometer AO Crystal
Rise-Time <2 msec 1.1-0.7 msec 1.2 - 0.6 msec
Sertling Time <6 msec 12-75 msec 4-5 msec
Steady-State Error 0 0 0

Minimum Gain 21000 - 1570 rad/sec | 1000 - 1560 rad/sec | 1000-1700 rad/sec
Crossover Freq.
Gain Margin 26db 7-1db 16-10db
Phase Margin 230° 324° 60—40°

frequency response. Controlling the displacement of the input target to produce step
inputs or harmonic inputs with controlled frequency and amplitude is a difficult task. A
step movement with a rise time of 1 microsecond or harmonic vibrations at frequencies

up to 1000 hz would be required.

An alternative technique was devised for producing a system input. Figure 40
shows the System-I model rearranged with the control voltage as the output and an
additional input in the feedback path. This input represents the acousto-optic beam
deflector also placed in the path of the laser beam. Figure 41 shows the optical
arrangement with the acousto-optic deflector in series with the galvonometer scanner.
The acousto-optic beam deflector produces a controlled addition, A¢, to the beam angle
¢. The beam deflector has a rise time of 1 microsecond and has a bandwidth from 0 to
10,000 hz. Using the acousto-optic deflector to perturb the system would simulate
movements of the test surface by producing lateral movements of the beam spot. This

eliminates the necessity of moving the test target.
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Figure 42 shows the system model rearranged into what will be called the test
system model. The voltage controlling the acousto-optic beam deflector, V,, is now
the system input while the control voltage, V., as the output. The input can now be

easily controlled using a function generator to produce step or sin inputs.

Before proceeding, the relationship between the actual system and the test system
must be established to interpret the results. Considering x, as the input for the actual
system the closed-loop transfer function is

v —
CLTF, = Ye _ KD(s)L(s)C(s)

% 1+KK;D(s)L(s)C($)S(s)
Similarly, the closed-loop transfer function for the test system is

(45)

- Vao

Figure 42. Test-Systern Model




V. KuoKKD(S)L(S)CLs)

CLTFr= = = (46)
T" Vio  1+KK,D(s)LG)C()S(s)
The ratio of the two system transfer functions is simply
CLTF
A _ 1 @1

CLTFy = KxKao
Meaning that the test system will display a transient response identical to that of the

actual system. System stability, rise-time, and settling time should not be altered by
using the beam deflector to perturb system. The system resolution is estimated by
measuring the minimum and maximum values of indicated output of the system for a

stationary target.

4.4.2. Measured Frequency Response

Figure 43 shows the the measured and predicted Bode plots for System-I. The
measured results represent the closed-loop test system with each curve representing a
6db change in system forward gain. The predicted results represert caiculations using
the test system block diagram and the experimentally estimated transfer functions for
6db increments in forward gain. The gain for the test system was calibrated at one
point for comparison with the model. This was accomplished by adjusting the various
amplifiers to to match the phase lag at 100 hz of -30 degrees predicted by the model for
case "c". This is shown as the "calibration point” in Figure 43. Then the test system

gain was changed in 6db increments for the other cases.

The results show excellent agreement with the predictions based on the
experimentally determined transfer functions. This agreement confirms the accuracy of

the system model and the previous predictions made for System-I.

Figure 44 shows the results for similar testing of System-II. In this case the

acousto-optic deflector was used both to control the beam for surface tracking and to
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The estimated rise time and settling times are shown in the figures. Figures 47a and

47b show similar results for System-II.

These results show the actual response of the system. The results for System-II
confirm that it has adequate transient performance to measure the intermittent

combustion of the solid propellant buming surface.

44.4. Summary: Measurements Experimental measurements of the closed-loop
system response showed excellent agreement with the predictions made in the previous
section. The testing confirms that System-II, using an acousto-optic beam deflector has
adequate performance to meet all specified requirements. The results of the

measurements are outlined in the chapter summary that immediately follows.

4.5. Summary: Design, Analysis, and Testing

Two configurations of the Laser Position Detector have been designed and tested
that will continuously measure the local area of the buming surface. Table 7
summarizes the predicted and measured performance for System-I. System-I uses a
galvonometer and mirror as the beam scanner and it has adequate resolution and
frequency response to measure the low-frequency transient nature of the buming
surface displacement. The galvonometer has a large angular range making it possible
to measure the surface height over a 3 inch range. It should be a useful system for

continuously measuring the low-frequency, transient features of the propellant burning.

System-II uses an acousto-optic beam deflector to control the beam and it has
adequate frequency response to detect the intermittent bumning of the propellant surface.
Furthermore, it maintains specifications over gain reductions of 6db (50%) to
compensate for the effects of propellant smoke on the instrument forward gain. Table 8

summarizes the specifications, predictions, and the measurements for System-II. This

8i




system has sufficient resolution and bandwidth to measure the local, intermittent

burning of the solid propellant surface. It has an experimentally measured range of 0.6

inches.
1
: Table 7
Results for System-1
F‘ (Galvonometer Scanner)
' SPECIFICATION | PREDICTION { MEASUREMENT
r Resolution NA 0.003 in.
‘ Rise Time 2.3-1.0 msec 1.7-0.6 msec
Settling Time 7-10 msec 11-10 msec
Steady State 0 0
Error
Bandwidth 160-250HZ 150-230HZ
Table 8

Summary of Development: System-II
(Acousto-Optic Scanner)

SPECIFICATION REQUIREMENT PREDICTION MEASUREMENT
Resolution 003 NA 001
Rise-Time <2 msec 1.2 - 0.6 msec 1.0 -9 msec
Seutling Time 6 msec 4.5 2-7 msec
Steady-State Error 0 0 0
Minimum Gain < 1000 - 1570 rad/sec | 1000 - 1700 rad/sec
Crossover Freq. N
Gain Margin <€6db 16-10dbd
Phase Margin <30° 60-40°
L
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5.0 INSTRUMENT TESTING: COMBUSTION ENVIRONMENT

With the instrument meeting the static and transient requirements on the bench,
the next problem is to access he effect of the propellant environment on the

performance. The three issues that must be settled are:

(1) Gain Reducticn How much does the combustion products reduce the
instrument forward gain?

(2) Resolution How much does the combustion environment
perturb the system output?

(3) Objective Can the instrument measure the position of the

propellant surface?

Answering the first question will determine the effect of the propellant environment on
the system performance and define the range of pressures over which the measurement
can be made. It will also provide the information that is necessary to pre-set the
forward gain so that smoke attenuation reduces the gain into on optimum range during
an experiment. Answering the second question will tell if the combustion environment
will allow the resolution necessary the measurement of the local, intermittent burning.
Answering the third question, of course, will determine the usefulness of the system for

propellant research.
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§.1. Experimental Facility

A laboratory, capable of performing experiments on propellants strands at pressure
levels from -5.0 psig to 900 psig, was constructed to evaluate the measurement
technique. The laboratory consists of a test cell and a separate control room. The test
cell contains a low-pressure test rig, a high-pressure test rig, and a high-pressure
nitrogen system. High-pressure experiments are run remotely from a control room that
also contains a data acquisition system. A brief description of the equipment is

presented in the following subsections.

§.1.1. Low-Pressure Test Rig The Laser Position Detector was mounted on the top of
a Pyrex combustion vessel for the low-pressure combustion experiments. Figure 48
shows the configuration consisting of a 15.2 cm Pyrex pipe cross (Corning) with
aluminum plates covering each of the four openings. The top plate supports the optical
equipment and contains two 4.5 cm (1.75 in.) Pyrex viewing windows. The optics are
arranged as shown previously in Figure 41. The propellant strands are supported and
ignited on a removable assembly (the base cap of the high-pressure bomb; discussed
Section 5.1.3). The entire chamber is continuously purged with nitrogen injected in the
bottom flange through a regulated valve. The nitrogen and combustion products are
drawn out of the combustion bomb through the top flange with a Duo-Seal vacuum
pump. The Pyrex vessel allows direct observation of the propellant combustion as well

as the alignment and operation of the Laser Position Detector.

5.1.2. High-Pressure Test Rig Figure 49 shows a photograph of the high-pressure test
rig. It consists of a high-pressure combustion vessel, an optics holder, and a high-speed

motion picture camera.
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Each component is attached to a plate that bolts into channels that are attached to a steel
beam. The channels allow the plates to slide horizontally and to be fastened at various

locations.

The electronics for the instrumentation are mounted on a rack beside the table.
The rack also holds a panel connected to the computer data acquisition system in the
control room. A nitrogen pressure/purge system routes gas from bottles in the test cell

to the combustion bomb. The gas system is controlled remotely from the control room.

5.1.3. High-Pressure Combustion Bomb Figure 50 shows a cross-sectional drawing
of the high-pressure combustion bomb. The inner diameter of the bomb is 2.5 inches.
The bomb is constructed out of 316 stainless steel and consists of a top cap, chimney,
body, and base cap. These four sections are held together with threaded surfaces and

sealed with O-rings. The vessel, adapted from [66], can be pressurized to 2000 psig.

The internal pressure and gas flow is controlled with nitrogen through openings in
the base cap and top cap. Pressurized nitrogen enters the base cap where it is diffused
by passing through a sintered plate and then a porous plate. The nitrogen passes by the
sample carrying the combustion products away from the sample. The nitrogen and
some of the exhaust products exit through two holes in the top cap that are connected to
an exhaust line. The chimney allows accumulation of smoke recircuiating from the
exhaust holes. The exhaust is passed through an orifice plate that controls the mass
flow, then it is routed out of the cell. A complete description of the presure system is

presented in Appendix D.

Five quartz window permit optical access to the vessel. The two windows, shown
in Figure 50, allow entrance and measurement of the laser beam used to measure the

surface height. Three additional windows are placed in the bomb body for viewing the
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side of the propellant with an high-speed motion picture camera.

Drawings showing the dimensions and layout of the high-pressure combustion

bomb are in Appendix C.

§.1.4. Optics Figure 51 shows the Laser Position detector and combustion bomb
arrangement for the high-pressure rig. The optics are held in place an a vertical
aluminum plate. Laser light from a 10 mW He-Ne laser is passed through a beam
expander, deflected with an acousto-optic crystal, focused with a 254mm lens, and
pointed with a galvonometer scanner. The beam enters the bomb through a 0.75 in
diameter quartz window mounted in the bomb body at a 60 degree angle from the
vertical axis. The detector and collection optics are positioned above a 1.0 inch

diameter window in the top cap.

5.1.5. Electronics A computer data acquisition system monitored the instrumentation
during the experiments. A 15-channel coaxial cable running from the test cell to the
computer transmitted the voltage signals to an HP 3852A data acquisition system
equipped with a multiplexer and a high-speed voltmeter. The digitized results were

transferred to an HP Vectra which reduces the data and makes the plots.

§.2. Gain Reduction Experiments

This section describes experiments to determine the actual loss of system forward

gain, K. caused by the propellant combustion. System-1 is used for the testing.

The first task is to calibrate the system gain to a reference value. This can be
accomplished by combining the closed-loop frequency response data with the test
system model. Previous testing (see Figure 43) showed that between 50 and 200 hz, the

phase lag of the closed-loop system is a strong function of the system gain. This

need
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relationship as predicted by the model is plotted in Figure 52. The x-axis represents the
phase lag between the output and the input while the y-axis represents the system gain.
The curve shown is for an input frequency of 100 hz. Also shown in the plot are four
measured points from the previous testing with the point A being the condition at which
the model and the measurements were matched. These relationships describe the
system forward gain as a function of phase lag
K =Koy (45)

where the phase is determined at a known excitation frequency, f.

The system gain is adjusted to a desired value with the instrument gains. The
system gain is

K(@rca) = KppL KpLaKuK Ky (46)
The first gain, Kppy_ , accounts for the combined influences of the propellant, detector,

and the laser and is constant during the calibration. The scanner gain, K; and the
geometric gain, K, are also constant. The lock-in and scanner gain Kpy 4 and K, may
be varied and are adjusted to calibrate the system forward gain.

With the system calibrated to a known gain, the only parameter that can change

during the experiment is Kpp. The gain reduction during the experiment is then

K@ _ Keou(OKpaKeK K, a7
K@) Keor KeaKoKK;

where the time dependency has been added to represent variations caused by the

combustion. This expression shows that the gain loss can be determined by measuring

the system phase lag before and during the experiment.

The experiments were conducted with a special constant-height sample holder.
The holder, drawn in Figure 53, supports a 6 mm cubic sample. A 2 mm stainless steel

dowel pin is press-fit in the holder and passes through a hole dnlled in the sample. A
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nichrome ignition wire circles the top surface of the propellant and connects with the
two ignition posts.

This holder allows the laser beam to be focused on the top of the steel pin while
the propellant burns around it. This provides a fixed surface height so that any output

perturbations are caused by the 100 hz driving signal and the propellant gases.

The results of phase measurements for one experiment are shown in Figures 54a
and 54b. The Lissajous figures are a result of plotting the input sin wave signal on the
x-axis and the instrument output signal on the y-axis. The phase lag is given by

¢ =sin"1(AV,/AV,,) (48)
where the voltages, shown in the figure, are measured by the computer. Figure 54a
shows that the phase lag before the experiment is -21 degrees corresponding to a system
gain of 125 (from Figure 52). The phase during the experiment dropped to -56 degrees,
as shown in Figure 54b, showing that the system gain has dropped to 69. This makes
the gain reduction ratio, Ezl K,, have a value of 0.66. Table 9 shows the results for
several experiments showing that the system gain can drop by 25 to 50 percent (-2.5 to
6.0 db) during an experiment at atmospheric pressure. The results mean that the

combustion reduces the system gain as anticipated.

The gain reduction measurement experiment was repeated for higher pressures.
System-I was rearranged to operate on the high-pressure combustion rig. The data
acquisition system was also modified so that the system output could be continuously
monitored during the experiment making it possible to calculute the system gain as a

function of time.

Figure 55 shows the results for two pressures. Figure 55a shows the gain
reduction ratio as a function of time for an experiment at 125 psig. After ignition, the

combustion products reduce the gain by 18 db in 0.4 sec. At 250 psi, the reduction is
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Table 9

System Gain Measurements-
Atmospheric Pressure

NO COMBUSTION | COMBUSTION | RATIO db

¢ K, ¢ K, KyK; | 20log(KyK))
-21° 125 —45° 63 0.50 -6.0db
=21° 125 —34° 94 0.75 -2.5db
-21° 125 -36° 94 0.75 -2.5db
-25° 11§ —42° 84 0.73 -2.7db
-30° 105 -56° 69 0.66 -3.6db
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much faster because the sample is burning faster producing smoke at a higher rate.
Figure 55b shows the results for the 250 psig experiment. In this case, the gain is
reduced 23 db during the burn. At 500 psig the system looses "lock” on the surface
meaning the laser spot drifts from the target. These results show that the combustion

products do alter the system forward gain beyond what was anticipated.

Since the instrument is designed to meet specifications over gain losses of 6db, the
gain loss characteristics determine the time window over which the instrument will be
performing above its requirements. At 125 psig this time period is .25 sec; at 250 psig

itis .15 sec.

5.3. Resolution Experiments

Since the combustion gases were observed to perturb the laser beam, experiments
were performed to determined the amplitude deviations of the output caused by the
combustion gases perturbations. The amplitude of the perturbations will be considered
the minimum resolution of the instrument. The constant-height sample holder was used
for these measurements, however, the instrument was not perturbed with the 100 hz sin
wave as in the gain measurement experiments. Thus, during the burn, the beam was
focused on a fixed surface height making any fluctuations in the output voltage the

result of the hot gas flow or other noise.

Figure 56 shows representative plots of the measured displacements as a function
of time for the constant-height experiment. Figure 56a shows an atmospheric pressure
measurement. At ignition, a large spike occurs from the ignition wire crossing the
beam path. Then the output increases to an apparent surface height of about 0.140
inches with large amplitude fluctuations. After about 6 seconds, the fluctuations

decrease and the apparent surface height lowers to about 0.040 inches and has small

96




30 T T 1 T N

z .20} 4
e i .
5 .o} i
'i‘ 4

L -
8 M
§ oo .l S i e ~ 1
.;a o 10 20 0

TIME (SEC)
, (a) Output Perturbations Caused by the Gases-0 psig
z 08 T | T T
L .04 I .
©
w .03
a — -
8 .02
[ 4
a2 .01 | -
<
w -
s .00 ]
-or 1 1 | I
000 0S5 1.0 1.5 20 25
TIME (SEC)

(b) Output Perturbations Caused by the Gases-250 psig

”\ J

Figure 56. Qutput Perturbations Caused by Combusiion

97




(0.010 in.) perturbations. At the burn out, the measured surface height returns to its
original value. Figure 56b shows a measurement taken at 250 psig. At ignition, the
output increases to an apparent surface height of about .003 inches and has small (0.001
in.) perturbations. At the bum out, the measured surface height retums to its original

value.

This behavior results from the hot gases above the surface bending the laser beam
as illustrated in Figure 57. The hot gases have a lower refractive index than the
surrounding nitrogen. Thus as the beam enters the hot gas its angle is changed. This is
the cause of the offset in the measured surface height. The offset for the high pressure
experiment is lower because the beam enters the gases at an angle closer to the normal
of the interface. The fluctuations in the measured height are caused by the shear
turbulence at the boundary between the hot and cool gases. During the first part of the
experiment, the location of the boundary between the hot and cool gases fluctuates
because of the surface is burning unevenly after the hot-wire ignition. Then, the surface

assumes a flat even burn still producing a offset but having much smaller fluctuations.

After the initial fluctuations of the output, the results of the resolution experiments
show two characteristics important to the instrument performance. The first is a mean
offset in apparent surface height. This reduces the accuracy of the surface height
measurement, causing differences in the actual and measured surrface height. Because
the magnitude of the offset doesn’t change rapidly with time, it does not defeat the
objectives of the measurement. The duration of burn or rest periods could still be
precisely measured even with an offset present. The high-frequency fluctuations in the
output are what establishes the resolution of the measurement. From these results, the
minimum resolution is estimated from .001 to .014 inches with the sample burning.

The resolution improves as the system gain is lowered because it reduces the system
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bandwidth. This tends to filter out the high-frequency fluctuations. The source of the
disturbance is apparently a turbulent sheer layer between the combustion products and

the purge gases.

5.4. Propellant Surface Height Measurement

The objective of the instrument is to measure the surface displacement of a
burning propellant surface. From the results of the previous analysis and testing, proper
gain selection and control of the purge gases around the sample were considered two
important factors to explore to find the conditions for achieving optimum performance.

Measurements of the surface height was attempted at pressure levels from ATM to 500

psig.

5.4.1. Atmospheric Experiments The low-pressure test rig was used to perform
experiments at atmospheric pressure. A 6x6x20mm propellant sample, inhibited on the
outer faces to prevent side burning was ignited with a nichrome wire. The system

forward gain was calibrated before the experiment using the gain-phase relationship.

Figure 58 shows the results for atmospheric pressure measurements. The system
gain was pre-set to a value of 30 resulting in a bandwidth or approximately 20hz. An
x-y plotter directly recorded the output as a function of time. Figure 58a shows the
results for the case when the sample burns unevenly after the ignition. The Laser
Position Detector tracks the surface during the entire burn. During the first 7 seconds,
the output fluctuates because of the turbulent shear layer perturbing the beam angle.
After the ignition transient, the instrument measures the displacement of the surface and
even shows some indication of intermittent burning. Figure 58b shows results for a
similar experiment in which the propellant surface bumed much more evenly during the

ignition transient. In this curve, the slope changes during the second half of the bumn
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revealing a lowering of the burning rate. These results also show indications of
intermittent movements of the propellant surface. Detection of intermittent burning at
this low gain is apparently possible because the low pressure slows the surface

movements significantly from the 1000 psi conditions used to derive the specifications.

Figure 59 shows surface height measurements made with a higher value of
forward gain and recorded with the digital data acquisition system. Figure 59a shows
results for a system gain pre-set to a value of 120. This gives the system an initial
bandwidth of about 230hz. The output has fluctuations throughout the entire burn. It
was observed that the purge gases were causing the gas zone above the strand to swing
back and forth. The increased bandwidth caused by the gain increase now makes the

instrument sensitive to the beam angle perturbations induced by these movements.

Several modifications were tried to reduce the flame/purge-air interaction at
atmospheric pressure. Lowering the purge flow, changing the sample from square to
round, water leaching the outside of the sample rather than using inhibiter, placing a 4
inch concentric ring around the sample holder to straighten the purge flow, and different
type samples were attempted to reduce the oscillations. Still, the movements of the
turbulent shear layer perturbed the beam angle as the sample burned. Finally, the
vacuum system was shut off and only a small amount of purge air blown over the
viewing windows to prevent moisture accumulation. Figure 595 shows the results
without purge air flowing past the sample. After the initizl ignition transient, the
surface displacement is measured without perturbations. Evidently, the purge flow

around the sample and the vacuum pump exhaust system produced the perturbations in

the shear layer for these low-pressure experiments.
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§.4.2. High-Pressure Experiments The high-pressure rig was set-up to make
propellant surface height measurements using a System-l configuration. The sample
size was reduced to 3x6x6mm to lower the amount of smoke generated by the
propellant. In addition, a few experiments were performed using the laser position
detector and a high-speed movie camera to simultaneously record the propellant surface

height.

Figure 60 shows the results of Laser Position Detector measurements at 250 psig.
Figure 60a shows the entire experiment. The laser device was pre-set to give it a
bandwidth of approximately 200 hz. The output rises at ignition because of the
difference in gas densities. After the ignition transient, the system followed the surface
displacement with small perturbations in the output caused by the product gases.
Figure 60b shows the middle portion of the burn enlarged. Some characteristics of the

intermittent burning could be inferred from the trace.

Figure 61 shows a comparison of simultaneous optical and photographic
measurements made of a strand burning at 250 psig. The photographic measurement
was made with an NAC-E10 16 inm high-speed movie camera recording at 400 frames
per second. The camera had a total magnification of 1.0 and was focused on the front
edge of the sample. The laser spot was focused on the center of the sample to obtain
the least amount of perturbations from the shear layer. The comparison shows the same
general trends in surface height. The center of the sample where the Laser Position
Detector measured was observed to burn lower in the films. Since the camera was on
loan for a short period. additional experiments to make a better comparison were not

possible.
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§.5. Discussion of Results: Combustion Measurements
The results of the combustion experiments are summarized in Table 10.

The gain reduction experiments showed that, during an experiment, the
combustion products reduce the system gain significantly. The atmospheric combustion
experiments showed gain losses up to 6db during an experiment while at pressures of
250 psig the gain is reduced up to 23 db. The drop is caused by the smoke and other
combustion products attenuating portions of the laser signal reaching the detector.
Another possible cause is the beam being deflected perpendicularly to the plane in
which the scanner rotates it. This moves the spot image out of the pinhole and reduces
the signal reaching the detector. Focusing the beam to smaller and smaller spots on the

surface would tend to amplify this effect.

The gain reduction lowers the system bandwidth during the experiment. For
atmospheric experiments, the gain loss can be compensated for because the system was
designed to operate over a 6 db loss of gain. However, at the higher pressures, the gain
loss reaches 6 db in 0.1 to 0.3 seconds. This means the short period at the beginning of
the burn is the time when the system has sufficient bandwidth to measure the higher

frequency intermittent burning.

The resolution experiments showed that the density difference between the hot
combustion products and cool purge gases cause refractive index gradients that bend
the laser beam. As the beam is bent, the control system compensates to keep the spot
centered under the detector. This creates apparent offsets in surface height. A mean
shift from 0.003 to 0.015 inches is caused by the refractive index difference. Higher
frequency, lower-amplitude oscillations are produced as the interface between the hot
and cool gases is disturbed by shear turbulence. These disturbances result in a

minimum resolution between 0.001 to 0.010 inches depending upon the angle of the
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Table 10
Combustion Measurements

MEASUREMENT | Opsig 125 psig 250 psig
Gain Loss (Max) 6db 30db 24db
Gain Loss (Rate) - - 60 db/sec | 150 db/sec

Accuracy 0.014 in - 0.003 in
Resolution 0.010in - 0.001 in
Continuous YES YES YES

Measurement

beam relative to the flow. Beam angles more perpendicular to the flow are disturbed

less.

The results of the propellant surface height experiments show that a local position
of the propellant surface can be continuously measured at pressure levels from 0 to 250
psig. Above this pressure, smoke attenuation blocks the beam. The output is perturbed
by the combustion products to a greater extent during the initial portions of the burn.
Then the perturbations are reduced in amplitude and some evidences of intermittent
buming are observed. The reduction of the disturbances results from the surface
assuming a smooth shape after the ignition transient and the reduction of bandwidth
caused by the increase in smoke. Although the bandwidth is lowered by the smoke,
some evidences of intermittent burning were detected. Apparently some intermittent
movements of the buming surface occur at lower frequencies than anticipated.
Therefore, the instrument is found most suitable for measureing the lower frequency,
transient nature of the surface displacement (< S0 hz). Although the instrument has

sufficient bandwidth and resolution, the combustion environment prevents more

accurate measurements.
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5.6. Recommendations

The main difficulty of making an optical measurement in the combustion
environment is the properties of the combustion gases. The smoke attenuation could be
compensated for over a broader range by using a more powerful laser and programing
the intensity to increase after the propellant has ignited. The intensity of the laser can

be controlled with the acousto-optic crystal.

The instrument could find applications to other disciplines where precise

measurements are required in a hostile environment or on surfaces that have changing

reflectivity. Possible applications would include measuring the erosion rate of ablative
material; surface height for servo-controlled propellant strand burners; non-steady
surface height in water table studies (some opacificier would have to be added to the
water.)

Basically, the instrument can continuously measure the position of a diffusely
reflected spot. Changes in the level of the detected signal only change the time
response of the instrument. The instrument could be used for propellant research

studies at pressure levels from 0 to 250 psig on non-aluminized propellants.
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6.0 MATERIALS AND METHODS

This chapter describes the materials and methods used in the experimental
research investigation concerning the effect of oxidizer particle size distribution on the
combustion of wide distribution solid propellants. The background for this research has

been presented in Chapter 2.

6.1. Propellant Formulations

Two influences are believed to cause departure of wide distribution propellants
from predicted burning rates. They are: (1) control of the ballistics by the fine -
AP/binder (pocket propellant) matrix and; (2) local intermittent burning related to the
mass fraction of the coarse oxidizer particles. These two influences are investigated

with AP/HTPB propellant formulations and two different binder curatives.

To design propellants having controlled pocket propellant chemistry, and
controlled solids loading, equations were derived to describe the relationship between
volume fraction of coarse oxidizer, V/V; total solids level, a; and the oxidizer-to-fuel
ratio of the pocket propellant, OF, Figure 62 shows the resulting propellant
formulation chart. The x-axis represents the volume fraction of the coarse oxidizer
(ratio of volume of coarse material to the total volume). The y-axis represents the total
solids level (oxidizes mass fraction) propellant. The curves plotted on the chart are
lines of constant pocket propellant oxidizer-to-fuel ratio (OF;). The equations used to
produce this chart are derived in Appendix E.
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Propellants will be described in sets. A set is a series of propellants having one
characteristic of its oxidizer size distribution controlled. For example, line G-H-J in

Figure 62, represents a set of propellants having a constant, 87%, total solids level.

Each propellant set in this investigation was formulated twice. The propellants
formulated are divided into two series according to their binder composition. Table 11
shows that the Series-1 propellants have an IPDI (isophoron diisocynate) cured HTPB
binder; Series II a DDI (dimeryl diisocynate) cured HTPB binder. A constant NCO/OH
ratio was maintained in each binder to produce an approximately constant density of

urcthane linkages.

6.1.1. Pocket Propellant Formulations. Monomodal propellants were formulated
using 16y AP at oxidizer-to-fuel levels of 2.0 to 4.0 (line A-B-C in Figure 62). Their
formulations are listed in Table 12 along with the identification designators for the
Series-1 and Series-II binders (Note that the letters correspond to the points in Figure
62). These formulations represent the pocket propellants of wide distribution

formulations. (Pocket propellant described in Section 2.1.1).

These propellant formulations will be used to determine the ballistic properties of
the fine-AP/binder matrix in the absence of coarse oxidizer particles that would
introduce chemical heterogenity at the surface. These six compositions (3 solids levels
x 2 binders) will then be the basis for formulating additional sets of bimodal analogue
propellants (i.e. having analogous pocket propellants). Equations to formulate the

analogue propellants are derived in Appendix E.

6.1.2. Constant Volume Fraction Analogue Formulations. A second set of bimodal
propellants controlled pocket propellant chemistry and constant volume fraction of

coarse particles. These propellants are represented by points G-E-K on the formulation
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chart and the compositions are listed in Table 13. Three types of coarse particles were
used: 400u AP used in the bimodal analogue formulations; 400i NaCl used as an inert
surrogate for the coarse AP; and 600p AP included for initial studies with the Laser

Position Detector (Section 5.4).

Replacing the coarse AP with salt at a constant volume fraction simulates the
physical heterogenity of the surface and the thermal absorbtion of the coarse AP
without the production of reactive species that can interact with the pocket propellant
decomposition products. While it is not an exact analogy thermally, it could show
some of the interactions of the coarse oxidizer and the products of the pocket

propellant.

6.1.3. Constant Total Solids Analogue Formulations. Bimodal propellants were
formulated having controlled pocket propellant chemistry and constant total solids
level. Conceptually, this is achieved by mixing coarse oxidizer into each pocket

propellant formulation until a specified total solids level is reached.

Formulations producing an 84% total solids propellant are shown at points D-E-F
on Figure 62 and their compositions are listed in Table 14. Table 15 lists 87% total

solids level propellants (Points G-H-J in Figure 62).

6.1.4. Trimodal Application Formulations. The final set of propellants contain a
trimodal oxidizer particle size distribution. The propellents contain an 87% total solids

loading and have the previously mentioned Series I and Series I binder compositions.

These propellants were selected because previous studies have shown that they
display intermittent combustion and they represent compositions more typical of those

used in actual applications. Their formulations are listed in Table 16.
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Table 11
Series I and II - Binder Compositions

SERIES I SERIES 1I
INGREDIENT | % BINDER BINDE
N R % L

R-45M (HTPB) 66.3 599
1PDI 5.0 -

DDI - 114
DOA 25.5 255
HX-752 1.2 1.2
Agerite White 20 20

Table 12

Monomodal Pocket Propellants

DESIGNATORS | OF, | 16 4 AP | BINDER
1PDI DDI - Wt. % Wt. %
A-1 A-1l 4.0 80.0 20.0
B-1 B-II 3.0 75.0 25.0
C-1 AC-II 20 66.7 333
115
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Table 13

Coarse Volume Fraction V/V, =0.305
Bimodal Analogue Propellants

DESIGNATOR OF, COARSE COARSE | 164AP | BINDER
IPDI DDI MATERIAL Wt % Wt % Wt %
G-1 G-I 40 400 u AP 350 520 13.0
G-1-400S | G-11-400S | 4.0 400 u NaCl 374 50.1 12.5
G-1-600A | G-II-600A || 4.0 600 u AP 350 520 13.0
E-I E-II 3.0 400 4 AP 36.0 480 16.0
E-1-400S | E-11-400S 3.0 400 1 NaCl 38.4 46.2 154
E-I-600A | E-1I-600A | 3.0 600 u AP 36.0 48.0 16.0
K-I K-11 2.0 400 p AP 376 41.6 20.8
K-1-400S | K-11-4008 | 2.0 400 1 NaCi 40.1 399 200
K-1-600A | K-1I-600A | 2.0 600 u AP - -
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6.2. Propellant Preparation

6.2.1. Propellant Ingredient Properties. Detailed properties for both the oxidizer and
binder were documented for all the ingredients. Table 17 summarizes the average
diameter and mode widths that describe each oxidizer mode. The results were obtained
by optimizing a long-normal distribution function to experimentally measured mass
distribution data. Appendix F contains additional properties including SEM
photographs of the oxidizer, mass distribution data, binder ingredients descriptions, and

thermodynamic properties of the ingredients.

6.2.2. Propellant Mixing, Casting, and Cutting. The monomodal and bimodal
propellants were mixed is 600 gram batches using a Baker-Perkins mixer. A special
process was developed to speed the production by making gallon batches of each
pocket propellant, then adding the coarse material and curative to pint portions of this
mix. A description of the mix procedure is shown in Appendix E. Each batch was

vacuum cast into a 4 in. cube and cured for 7-10 days.

The trimodal propellants were mixed in 4000 gram batches using a gallon-size

mixer. These propellants were vacuum cast into cartons and cured for 12 days.

Propellant strands were prepared from the castings as described in Figures 63 and
64. The monomodal and bimodal propellants, cast from pint mixes were prepared
according to Figure 63. The trimodal application propellants, cast from gallon mixes
were prepared according to Figure 64. In both cases, the castings were cut and milled
into 0.25 inch slabs. Then selected slabs were cut into 0.25x0.25 inch strands using a
special cutting tool. The figures also show the labeling system used to describe the

position that the strand was located in the original casting.
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Table 14

84% Total Solids - Bimodal Analogue Propellants

DESIGNATOR | OF, { 16 AP | 400t AP | BINDER
IPDI DDI Wt % Wt % Wt %
D-1 D-11 4.0 64.0 200 16.0
E-1 E-Il 3.0 48.0 36.0 16.0
F-1 F-1l 20 320 520 16.0
Table 15

87% Total Solids - Bimodal Analogue Propellants

DESIGNATOR | OF, | 164 AP | 400 AP | BINDER
IPDI DDI W% W% Wt%
G-1 G-l 4.0 52.0 35.0 13.0
H-1 H-11 30 39.0 480 13.0
J-1 J-11 2.0 26.0 61.0 13.0




Table 16
87% Total Solids - Trimodal Application Propellants

DESIGNATOR |} OF, | V/Vy | 400p AP | 25p AP | 2 AP | BINDER

1PDI DDI Wt % Wt % Wt % Wt %
L-I L-1I 376 | 0.28 38.0 10.0 39.0 13.0
M-1 M-I 354 | 030 41.0 10.0 36.0 13.0
N-I M-I 3.31 0.31 440 10.0 330 13.0
O 0-11 308 | 032 | 470 10.0 30.0 13.0
P-1 P-11 285 | 033 50.0 10.0 27.0 13.0

Table 17

Results of Particle Size Distribution Analysis

NOMINAL | D 6 | ANALYSIS
DIAMETER | u

2 of 1.60 | suspension

16 20 | 1.80 | suspension

25 21 1.60 | suspension
400 400 | 1.10 SIEVE
400s" 355 | 1.05 SIEVE
600 614 | 1.10 SIEVE
SALT® 355 | 1.05 SIEVE

t SEM photographs showed that the 2 u material was tumped together into larger
masses (Appendix D).

* These materials were pre-sieved between a 417 p upper and a 351 p lower screen.
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6.3. Average Ballistic Properties

The average buming rate as a function of pressure was determined at pressure
levels from 125 to 2000 psig using an acoustic emission method. A sound sensor
mounted externally on the combustion bomb detects an acoustic signal presumably
created by the thermal fracture or deflagration of the oxidizer. The system monitors the

time required for the strand to be consumed at a fixed pressure.

A hole was drilled through each strand to insert an ignition wire. A metal jig
controlled the distance between the end of the strand and the wire. The strands from
the pint mixes were cut to 2.1 inches with the igniter wire being 2.0 inches from the
end. The strands from the gallon mixes were cut to 3.1 inches with the wire placed 3.0
inches from the end. The strands were inhibited on the outer surface by dipping them in
a polymer.

Because of the heterogeneous nature of the propellant, the casting process could
distribute the particles anisotropically throughout the casting. To determine if casting
biases were present, strands from distributed locations in the carton were tested at
constant pressure levels of 1000 psi. Additional pressures were specified to obtain the
other burning rates. The testing pressures of the various strands are also shown in

Figures 63 and 64.

The data for each propellant and pressure level are then averaged to determine the
ballistic properties.
6.4. Local Burning Rate

High-speed motion pictures of propellants were taken at the AFAL. A Hycam
camera recorded the burning of a 1/8x1/4x1/4 inch strand. The strand was illuminated

with a 2000 watt Xenon light source and inhibited on the three sides away from the
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Figure 63. Strand Cutting Diagram for Pint Castings
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Figure 64. Strand Cutting Diagram for Gallon Castings
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camera. The camera recorded the bumning at 2000-3000 frames per second. The
combustion vessel produced pressure levels from 250 to 1000 psi and is similar to the
design described in Appendix C.

6.5. Propellant Surface Structure Examination

Propellants G-I and G-I were extinguished during combustion so that the surface
could be examined under a scanning electron microscope (SEM). Pressure levels from

250 to 1000 psia were examined.

Figure 65 shows the experimental set-up. This armrangement allows the
extinguishment of a sample after a fixed burning distance insuring that steady-state
combustion has been established. The combustion vessel has two 1.0 in. diameter
windows that lie on a horizontal axis with the propellant burning surface. A 2 mW
(red) He-Ne laser is transmitted into the chamber where it is blocked by the propellant
strand. After ignition, the propellant burns past the level of the laser beam allowing the
beam to pass through the bomb and enter a detector. The detector activates a trigger
circuit that connects a 24 volt DC power supply into a nichrome that melts the mylar
disk in the top of the vessel. The stack of disks then ruptures causing the

extinguishment.

The extinguished samples were prepared for examination two ways. First, a
portion of the sample was sectioned off for examination of the original extinguished
surface. Second, the remainder of the sample was soaked in water for 5 min and dried
in heated air to remove the AP from the extinguished surface. This allows closer

examination of the binder flow details around the edges of the particles.

The surface structure was examined using a JEOL-JSM-840 scanning electron

microscope (SEM). Both type samples were coated with gold palladium and mounted
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on conductive glue for examination under the SEM. Magnifications of from 50x to

b 2000x were employed to obtain detailed images of the extinguished surface structures.

COMBUSTION BOMB
HE-~NE LASER
SAMPLE

. DETECTOR
TRIGGER CIRCUIT
NICHROME WIRE
MYLAR DISKS

ommo O P

Figure 65. Propellant Extinguishment Experiment
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7.0 RESULTS AND DISCUSSION

This chapter presents the results of the burning rate measurements, high-speed
photography observations, and SEM photographs of the extinguished surfaces. All the
ballistic and photographic results are presented first. Then, a discussion of the ballistics
follows. Most of the detailed discussion is for the IPDI propellants since most of the
pocket propellant of the DDI cured propellants self-extinguished. Next, the SEM
photographs are presented and discussed. Combustion mechanisms are then postulated

from the results.

7.1. Burning Rate Survey

Figures 66 and 67 show example results for the pint-casting and gallon-casting
buming rate survey. Figure 66 shows the results for similar bimodal propellants
having different binder curatives. Figure 66a shows that propellant G-I has an average
burning rate of 0.443 inches per second at 1000psi and a standard deviation of 0.021

inches per second. The buming rates of the strands do not vary significantly as a

function of their original position in the casting. Evidently the quick-cure technique

prevented settling of the oxidizer particles. Figure 67 shows similar results for a pint- *
cast DDI propellant. Generally the standard deviations for the monomodal and bimodal
propellant burning rates were from 1 to 5% of the average rate. Detailed results for the
monomodal and bimodal propellants are listed in Appendix G. ,ﬂ
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Figure 67 shows example results for taken from the top half of the gallon mix casting.
The survey shows a depressed buming rate in the central portion of the casting. This
was a general trend for most of the castings and differences of 20-30% between the
maximum and minimum measured rate for one casting were not uncommon. Detailed

results for the trimodal burning rate survey are tabulated in Appendix H.

7.1.1. Average Burning Rate The average burning rate results as a function of
pressure and propellant formulation are listed in Tables 18 to 24 and plotted in Figures
68 to 74. These results represent the averages for several experiments at each

condition. The tables and figures are grouped by propellant sets in the following order

o pocket propellants

e constant volume fraction propeliants
e constant total solids propellants

o trimodal application propellants
The original data are presented in Appendix G and Appendix H.

7.1.2. Photographic Observations Tables 25 to 30 summarize observations made
from the high-speed films. The observations were made on the monomodal and
bimodal propellants buming burning at 1000psi. No observations for the DDI
propellants were noted because they extinguished in the strand bomb. The observations
are broken down into six categories. The "burning rate” was measured from the
projected image. The "flame cover” describes the extent of the propellant surface
covered with a luminous flame. The "smoke" describes the extent of dark colored
smoke observed above the propellant surface. The "surface roughness” is an estimate

of the amplitude of the propellant surface roughness at an instant of time. The "binder
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h Table 18
- Average Bumning Rate - Pocket Propellants
h PROPELLANT BURNING RATE (in/sec)
DESIGNATOR || 125psi | 250psi | 500psi | 1000 psi | 2000 psi
_ A-1 -- .186 248 363 535
E B-1 -- 152 .189 245 364
' cl EXT. { .078 | EXT. | EXT. -
A-Il 121 .164 EXT. EXT. --
B-II EXT. EXT. EXT. EXT. --
c-n EXT. EXT. EXT. EXT. --
Table 19

- Average Bumning Rate - Constant Volume Fraction Propellants,
400 u AP - Coarse Fraction

PROPELLANT BURNING RATE (in/sec)

DESIGNATOR || 125psi | 250 psi | S00psi | 1000 psi | 2000 psi
G-I -- 201 279 443 .641
E-I -- 163 232 322 463
K-1 .081 121 .180 249 --
G-I 135 A77 208 301 --
E-Il 104 133 EXT. .200* --
K-II 075 099* EXT. 011* -

*Some Samples Extinguished
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Table 20

Average Burning Rate - Constant Volume Fraction Propell
400 p NaCl - Coarse Fraction anes.

—-we 8

PROPELLANT BURNING RATE (in/sec)

DESIGNATOR || 125psi | 250 psi | 500 psi | 1000 psi | 2000 psi
G-1-400S - 207 315 520 .783
E-1-400S - 150 225 379 .596
K-1-400S EXT. .060 097 175 --
G-I1-4008 .095 165 121 .195 --
E-1I-4008 .049 061 066 102 =
K-11-400S EXT. 045+ EXT. 077* 067*

Table 21

Average Burning Rate - Constant Volume Fraction Propellants,
600 p AP - Coarse Fraction

PROPELLANT BURNING RATE (in/sec)

DESIGNATOR || 125psi | 250 psi | 500psi | 1000psi | 2000 psi
G-1-600 - 230 291 467 726
E-1-600 - 171 241 349 449
G-11-600 134 180 218 323 -
E-11-600 132 132 163 234 -

*Some Samples Extinguished
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Table 22
Average Burning Rate - 84% Total Solids Propellant

PROPELLANT BURNING RATE (in/sec)

DESIGNATOR || 125pst | 250 psi | 500psi | 1000 psi | 2000 psi
D-I -- 188 .261 .385 580
E-1 - 163 232 322 463
F-1 093 144 206 278 -
D-lI 128 164 .190 259 -
E-ll .104 133 EXT. .200* -
F-II 092 120 155 209 =

Table 23

Average Burning Rate - 87% Total Solids Propellant

PROPELLANT BURNING RATE (in/sec)

DESIGNATOR || 125psi | 250 psi | 500 psi | 1000 psi | 2000 psi
G-I - 201 279 443 .641
H-1 - A71 241 357 497
J-1 094 .140 227 31 --
G-I 135 177 208 302 -~
H-I 130 151 .188 251 -
J-1I .108 136 191 .261 -
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Average Burning Rate - 87% Total Solids
Trimodal Application Propellants "

Table 24

PROPELLANT AVERAGE BURNING RATE (in/sec)
DESIGNATOR | 125psi | 250psi | 500 psi | 1000 psi | 2000 psi
L1 - 197 347 536 1.253
M-1 - 188 343 464 988
N-I - 173 259 410 866
0-1 - 178 245 390 630
P-I - 155 229 347 540
L-II - 225 226 294 446
M-II - 249 213 282 438
N-II . 186 204 299 402
O-II . 163 201 290 328
P-II . 157 204 282 316
132
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Table 25
Motion Picture Results-Pocket Propellants, 1000psi,IPDI

OF,=4.0 OF,=3.0 OF,=2.0
OBSERVATION A-l B-1 C-1
T1000 (in/S€C) 34 22 -
flame cover total total --
smoke little some --
surface
roughness +50ut +100u --
binder little much*
flow 25% 60% --
coarse
particles - -- --
*100-200u thick
comments 200-600u wide --
beads of binder
Table 26
Motion Picture Results-Constant Volume Fraction, 400 u AP,
1000 psi, IPDI
OF;=4.0 | OF;=3.0 | OF,=20
OBSERVATION G-1 E-1 K-1
Ty000 (in/sec) .44 26 21
flame cover total total total
smoke little little little
surface
roughness +100u +100u +100u
binder
flow 10% 40% 40%
coarse not not not
particles ¢jected ejected ejected
comments
140




has g

:ﬁ
:
]
}

Table 27
Motion Picture Results-Constant Volume Fraction, 400 4 NACl,
1000 psi, IPDI
OF,=4.0 OF; =3.0 OF,=2.0
OBSERVATION G-1-400S E-1-4008 K-1-4008
pe—
T'y000 (in/sec) 52 .26 A5
flame cover total total partial
smoke some some much, black**
surface
roughness 350 +250 200
binder
flow ? ? ?
coarse
particles ejected* ejected few ejected
*salt protudes **flame sporadic
comments above burning surface over surface
before ejecting
Table 28
Motion Picture Results-Constant Volume Fraction, 600 u AP,
1000 psi, IPDI
u OF,=4.0 | OF,=30
OBSERVATION GI-600 EI-600
[ T1000 Gin/sec) 38 34 |

flame cover total total

smoke little some black

surface

roughness $150-200 | +150-200

binder

flow little 5% 40%

coarse not not

particles ejected ejected
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Motion Picture Results-84% Solids Propellants, 1000 psi, IPDI

Table 29

Motion Picture results-87% Solids Propellants, 1000 psi, IPDI

OF,= 4.0 | OF,=3.0 OF,=2.0
OBSERVATION D-1 E-l F-1
I;000 (in/sec) 34 26 23
flame cover total total total*
smoke little little little
surface
roughness +100u +100p +100u
binder
flow 15% 40% 15%
coarse not not not
particles ejected ejected ejected
comments *turbulent

flame zone
Table 30

OF,=4.0 | OF;= 3.0 | OF,=20
OBSERVATION G-I H-1 J-1
T1000 (in/seC) 36 27 31
flame cover total total total
smoke little little very little
surface
roughness +100u +150u +300u
binder
flow 10% 20% 15%
coarse not not not
particles ejected ejected ejected
comments
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flow" is an estimate of the percentage of the surface edge covered with molten binder at
an instant in time. The "coarse particles” category shows whether or not the coarse

particle were ejected from the propellant surface during the combustion.

7.2. Ballistic Results - Overview

The ballistic results did reveal anomalous bumning rates of the wide distribution
propellants. First of all, using the Petite Ensemble Model as a basis of comparison
shows that the burning rates are very much lower than predicted. Figure 75 shows a
correlation between the predicted and measured burning rates. The model over-
predicted the burning rates generally from 40 to 280 percent. A consistent difference
can be seen between the IPDI binder and DDI binder propellants. The IPDI binder
propellants had higher measured burning rates which resulted in better comparison with
the model. While this comparison shows low burning rates and a distinction between
the binders, an examination of the data was first made rule out a repetitive experimental

error that would produce the low burning rates.

7.2.1. Accuracy of the Data Since the majority of the ballistic results are based on the
acoustic emission detection system, it would be possible that the low rates could be
caused by some error here. This can be quickly addressed by comparing the acoustic
emission results with burning rates determined with another technique. A comparison
of the acoustic emission burning rates with the burning rates derived from the motion
pictures shows that the rates determined in the motion pictures are even lower than the
acoustic emission results. So the acoustic emission measurements are probably not too

low.

Since the samples were taken from distributed locations in the casting, the effect

of casting flow possibly biasing the burning rates is ruled out. The results for the
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monomodal and bimodal burning rate surveys show that the standard deviation of the
propellant rates were generally only 1-4 percent of the average burning rates. The
trimodal burning rate survey did show some significant casting flow effects with a
generally suppressed bumning rate in the middle of the carton. However, the 20-30
percent variation in rates across the casting cannot account for the 240% difference in

the predicted and measured values.

Comparing the results from this study with results of similar propellants from
other investigations was done as a final check of the burning rate accuracy. The
trimodal propellants formulations were duplicated from a prograrii by Miller [66].
Figure 76 shows a comparison of the experimentally measured burning rate at 1000 psi
as a function of coarse oxidizer concentration. These results for the trimodal
application propellants show that the current results agree with the past measurements
within O to 40 percent, and differences here are most probably a result of variations in
the oxidizer lots used to formulate the propellants. Figure 77 shows a comparison
between a monomodal propellant from this study and an identical formulation

investigated by Matson [67] showing close agreement between the burning rate resulits.

It is therefore concluded, that the burning of these series of propellants is greatly
suppressed by a combustion mechanism not accounted for in the current burning rate

model. An analysis of the data to propose mechanisms is discussed later.

7.2.2. Intermittent Combustion Intermittent combustion of the type noted in previous
results was not detected either with high-speed photography or the Laser Position
Detector. Several films of the trimodal propellants were analyzed and no burn period-
rest period phenomena were observed. Similar measurements on the birmodal
propellants shows occasional rest periods or times when the surface showed little

regression, but in general the burning was in a more continuous fashion. Camera

145

o

e




»
; 87 % ,TRIMODAL APPLICATION PROPELLANTS
- 1.0 -7 T \J — _1
£ orf o ]
§ L e Tl 4
a o-.
e o5} ~—a_vo. -
w T~als._ 4
e TSve
¢ 03} A a—— A— 4 A .
g o001 o—--— 09—~ "TFT T —@- - - - 4
z ?'2 - A THIS STuDY )
S O REFERENCE. ¢6
o
0.1l 1 1 1 i
34 » 42 46 50 54
WEIGHT PERCENTAGE 40Omicron AP, (%)

Figure 76. Comparison of Trimodal Propellant Burning Rates

-~ Lo T T j T T
2 | 2044 ,80% SOLIDS,AP/HTPB 1
5 o7 T o THIS STUDY ]
= & REFERENCE 67 R
~ 05 L /(z j
= - o .-
« A R
x 03} //
2 -3 ]
z 02%r o
@x
e }
[+4]
01 1 1 l e |
r° 100 250 500 1000 2000

PRESSURE (PSI )

Figure 77. Comparison of Monomodal Propellant Burning Rates

N 3

146

B )




vibrations, although corrected to a certain extent, made this measurement difficult.

7.2.3. Propellant Extinguishment Propellant strands would sometimes extinguish
during a burn and more often fail to ignite. The tendency to extinguish followed the
solids loading of the pocket propellant, with lower solids producing more frequen:

extinguishment. The DDI curative increased the probability of extinguishment.

Another factor that promoted extinguishment was the propellants ambient
environment. The DDI cured propellants that burned in the acoustic emission tests
failed to sustain combustion in the window bomb. Evidently the nitrogen purge flow

combined with a smaller sample size produces the extinction.

7.2.4. Outline of Discussion In the view of the general characteristics of the ballistic
measurements, the discussion will be based on the effect of propellant composition on
the burning rates. Measurements of the local, intermittent burning were not attempted
for systematic formulation studies since preliminary measurements and motion picture

results did not reveal the intermittent burning for the bimodal formulations.

The majority of the discussion will be limited to the pocket propellants and the
IPDI cured constant volume fraction propellants. General comments are made on the

constant total solids and the application propellants.

7.3. Pocket Propellant Ballistics-Discussion

The pocket propellants simulate the combustion of the fine- AP/binder matrix that
exists in bimodal, wide distribution propellants, without any of the influences of the
coarse oxidizer particles. That is, they isolate the fine-AP/binder matrix from the
additional oxidizing species that could be provided by the coarse particles and the

geometric obstructions produced by the lower buming rates of the coarse particles.
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Thus, the burning rates of the pocket propellants serve as a baseline for determining the

extent of chemical and physical interactions produced by adding the coarse material.

7.3.1. Effect of Solids Level - IPDI The burning rate results for the pocket propellants
show that lowering the solids level lowers the buming rate to the point of extinction. A
general reduction of the burning rate is expected from the reduced adiabatic flame
temperature as the total solids level is lowered. Propellants A-I and B-1 (OFP 4.0 and
3.0 respectively) burn over the entire pressure range investigated while the OF; of 2.0
propellant, C-1, can only sustain combustion at 250 psi. Thus, there is a point between

an O/F ratio of 3.0 and 2.0 that the propellant will self-extinguish.

The self-extinguishment can be explained in terms of the packing statistics of the
oxidizer particles. As an oxidizer particle bumns, the primary flame heats the adjacent
binder. The resulting binder pyrolysis products then react with the oxidizer
decomposition products sustaining the primary flame. However, as the oxidizer particle
burns out, there are no oxidizing species to sustain the primary flame leaving no direct
energy source to sustain the surface temperature of the binder. This causes the
pyrolysis of the binder to slow and possibly stop leaving a layer of binder on the
propellant surface that must be removed for the combustion to continue. For the lower
solids propellants, the interparticle distance is much larger decreasing the number
density of oxidizer particles exposed on the surface and increasing the thickness of

binder that must be penetrated to encounter the next particle.

Burning through the interparticle binder is a non-linear function of the penetration
thickness. Strahle [12] proposed an expression for the time to bum through the

interparticle binder is
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This expression says that the binder burnthrough time increases exponentially with
increasing interparticle distances and decrease, A,, with increasing average propellant
burning rate. Thus the extinction could be caused by the inability of the low

temperature flame to uncover sufficient oxidizer to sustain the combustion.

The motion picture results support the proposition that unburnt binder remains on
the surface of the propellant even in the pocket propellant formulations that did burn.
Shortly after the strand ignited, small beads could be easily seen forming along the edge
of the burning surface. The beads were a black liquid and generally 100 to 200 microns
in thickness. Since the front of the sample was uncoated, it is assumed this material is
molten binder. The motion pictures also indicated an increase in the amount of liquid
binder flow as the solids level is lowered. The fraction of the front edge covered by the
liquid binder increased from 25 to 60 percent when the solids level is lowered from 4.0
to 3.0. If the characteristics of the binder allow a liquid phase rather than a solid phase
as the local surface cools, then this unburned binder could accumulate and flow on the
surface. The observed covering of the front edge, while not an absolute indication of
the condition of the burning surface, does show the tendency of the fuel-rich pocket

propellants to produce local, binder covered areas on the burning surface.

Figure 78 shows the effect of the proposed mechanism. Figure 78a shows the
percent of the surface covered with molten binder as a function of OF,. Assuming there
is a certain critical level of covering above which the surface is extinguished, the
propellant should extinguish between an oxidizer-to-fuel ratio of 3.0 to 2.0. This is the
case as shown in Figure 78b. In this graph the measured burning rate divided by the

predicted burning rate at 1000 psi is plotted as a function of OF,,. The results imply that
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the unburnt binder could be the mechanism that causes the suppression of the buming

rate observed when compared to the theory.

7.3.2. Effect of Binder Ingredients The DDI cured pocket propellants generally
extinguished over the pressure ranges investigated. The effect of curing agent is not
predicted in the model because binder is given a subordinate role in the combustion
processes being constrained to deflagrate at a fixed ratio based on the oxidizer bumning
rate. The suppressing effect of the DDI first of all shows that near surface or subsurface
reactions are influenced by the binder ingredients. It also shows some independence of

the binder pyrolysis from the oxidizer deflagration.

Comparing the ballistic results of this research with those from other programs
shows a significant influence of the binder ingredients on the low-solids, pocket
propellant burning rate. The implication is that the properties of the binder have an
active role in the rate-controlling combustion processes. The possibility of liquid layers
and surface reactions could argument the anticipated bumning rates even with the

addition of non-reactive binder ingredients.

The binder curative and plasticizer used in this study contribute to the general
bumning rate suppression of the fuel-rich pocket propellants. Figure 79 shows a
"comparison” of burning rate - pressure data for HTPB propellants that all contain 20u
AP oxidizer. The curves show the peculiar trend that the burning rate decreases for
increased total solids level. The suppression of the rate however is produced by
variations in the binder ingredients. The top two curves represent monomodal, 20
propellants with different binder curatives. The fastest burning propellant comes from
results by Schmidt (68) and contains an MDI curative with no plasticizer. The 73%
solids propellant comes from results by King (69) and the binder contains an IPDI

curative with no plasticizer. The bottom two curves show the results of this
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Figure 79. Effect of Binder Ingredients on Ballistics

investigation representing plasticized IPDI and DDI cured binders. It is evident from
this comparison that addition of non-energetic ingredients in the binder could have a
dominant influence on the combustion. Plasticizer seems to add additional rate

suppression to the propellant.

The plasticizer is included in propellants mainly as a processing aid to insure
complete mixing and ease of casting. It always maintains its liquid state even after the
propellant is cured. Past studies by Schmidt (68) on fuel-rich pocket propellants having
9u AP have shown that addition of plasticizer to the binder suppresses the burning rate
and can even cause extinguishment in intermediate pressure regimes. The plasticizer
does not change the adiabatic temperature of the combustion products since it is
thermodynamically similar to the polymer binder. Therefore, it must influence
combustion mechanisms near the propellant surface. The observation of liquid binder
flow off the edge of the buming surface could be produced or enchanced by the

plasticizer.

152




The difference in curative between IPDI and DDI can be explained based on the
results of Miller (70). Differential Thermal Analysis and Differential Scanning
Calorimetry studics have revealed that the binder decomposes in a three step process:

(1) depolymerization of the urethane linkages
(2) crosslinking through double bonds in the HTPB

(3) decomposition
The initial depolymerization of the IPDI cured binders was found to be much more
energetic. Further, results suggest that this energetic breakup produces reactive species
that would immediately promote combustion. The DDI binder, in contrast, has a much
less energetic initial depolymerization which does not produce reactive species.

7.3.3. Pocket Propellants-Conclusions

All of the results, past and present, show that the binder plays a dominant role in
fuel-rich-pocket propellants. The addition of plasticizer and changing of curative
reduce the burning rate of otherwise identical propellants. The results point to surface
mechanisms which alter the combustion. Since the thermodynamic differences of the
additives are minimal, the binder changes must influence surface mechanisms though a
liquid melt layer, or a change in the surface temperature at which reactive species are

released from the binder.

The dominance of the binder is also increased by the low-solids nature of the
pocket propellants. This means that the binder decomposition reaction cannot be
constrained to follow the deflagration of the oxidizer. It can act more independently,

which would explain the over-prediction of the burning rate with the PEM.

The ballistics results for the current research show the IPDI and DDI cured binders

with plasticizer causes greater burning rate suppression when compared to other
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curative and plasticizer levels. Therefore it is concluded that the fuel-rich pocket
propellants in this study have a greatly suppressed buming rate owing to the curative
type and plasticizer used in the binder. The results of the motion picture studies suggest
that a possible mechanism for the general suppression is liquid binder flow on the
surface of the propellant. Total solids level also has an influence by changing the flame
temperatures and increasing the inter-particle distance between the AP particles in the
solid phase.

Therefore, the pocket propellants have combustion mechanisms unique to their
low-solids characteristics. While these experiments isolated the combustion
mechanisms from interactions that would be present in t